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Facies  Boundaries  in  Pelites  at  the  Middle  Grades  of 
Regional  Metamorphism 
By  G.  H.  Francis 
Abstract 

An  examination  of  existing  definitions  of  facies  and  subfacies 
boundaries  in  pelitic  rocks  suggests  that  some  alteration  is 
necessary  to  emphasize  two  important  reactions : 

3  Staurolite  ;  2  Quartz  »*  Almandine  -*  5  AljSiOj  3  Water, 
and  ' 

Muscovite  ^  Quartz  Potash  feldsn^r  ^  AI,SiOt  f  Water 
A  generalized  plot  shows  possible  relations  between  the  curves  of 
th^  two  reactions  and  the  inversion  curves  of  the  alumino¬ 
silicates  within  the  P-T  field  of  metamorphism.  The  curves  of 
further  reactions  commonly  used  to  define  facies  and  subfacies 
boundaries  have  been  schematically  added  to  this  plot,  and  trends 
of  metamorphism  in  various  areas  are  indicated  thereon.  P-T 
curves  of  dehydration  reactions  such  as  the  above  will  vary 
according  to  the  chemical  potential  of  the  water  vapour  in  each 
particular  case.  Observations  suggest,  however,  that  the  curves 
are  not  very  differently  placed  from  one  regional  metamorphic 
terrain  to  another.  That  is,  the  rate  of  escape  of  volatiles  is  broadly 
similar  in  the  metamorphism  of  many  of  these  terrains. 


Introduction 

During  work  on  regionally  metamorphosed  pelitic  rocks  of  the 
Moine  Series  in  Glen  Urquhart,  Inverness-shire,  it  became 
necessary  to  determine  their  grade  of  metamorphism.  A  survey  of 
available  work  on  metamorphic  grading  of  such  rocks  brought  out 
the  complexity  of  the  problem  and  the  number  of  opinions,  not 
always  in  harmony,  on  all  its  aspects.  Notably  varied  are  the 
definitions  of  facies  boundaries.  A  particular  boundary  is  often 
defined  by  a  half-dozen  or  more  transitions  although,  as  is  generally 
admitted,  it  is  unlikely  that  the  P-T  conditions  for  these  transitions 
are  all  identical,  ^is  paper  is  a  survey  of  published  observations, 
compared  with  one  another  in  an  attempt  to  reduce  the  number  of 
inconsistencies  in  the  definition  of  some  facies  boundaries.  These 
suggestions  may  well  provoke  disagreement,  but  if  this  disagreement 
leads  to  clearer  and  better  definitions  the  paper  will  have  served  its 
purpose. 
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Discussion 

Kyanite  may  be  stable  in  pelitic  and  in  a  few  psammitic  rocks 
(kyanite-schists  and  kyanite-quartzites)  from  the  epidote-amphibolite 
to  the  granulite  facies.  It  also  occurs  in  derivatives  of  basic  igneous 
rocks  in  the  eclogite,  amphibolite,  and  epidote-amphibolite  facies. 
With  such  a  wide  stability  range  it  is  evident  that  its  mineral 
associations  must  be  taken  into  account  if  it  is  to  be  used  in  a 
restricted  (zonal)  way  as  in  the  kyanite  zone  of  Barrow.  It  is  not 
even  suflfkient  to  define  the  zone  by  the  occurrence  of  kyanite  in 
a  pelitic  rock. 

Kyanite  in  the  Almandine  Zone 

Kyanite  is  known  in  pelites  of  the  almandine  zone,  as  in  the  Saxa 
Vord  Group  of  Unst  (Read,  1934,  p.  660).  Kyanite,  quartz,  and 
chloritoid  occur  in  these  rocks  as  a  stable  assemblage.  They  evidently 
replace  the  pair  andalusite-staurolite  which  probably  crystallized  at 
higher  temperatures  and  lower  pressures  than  the  kyanite-quartz- 
chloritoid  assemblage.  A.  Harker  (1939,  p.  225)  has  suggested  that 
chloritoid  is  replaced  by  staurolite  in  up  to  three  ways : 

5  Kyanite  +  4  Chloritoid  **  2  Staurolite  *  Silica  -f  3  Water  (1) 

9  Chloritoid  **  2  Staurolite  +  Silica  +  5  Ferrous  Oxide  4  8  Water  (2) 
Chloritoid  -t  Quartz  **  Staurolite  +  Garnet  (3) 

Staurolite  may  also  form  by  the  reaction  of  chloritoid  with  muscovite 
and  quartz  (Tilley,  19256)  or  presumably  with  other  hydrated 
aluminosilicates.  Harker  suggests  that  reaction  (1)  takes  place  in 
highly  alu.minous  rocks  at  the  high-grade  end  of  the  normal  stability 
held  of  chloritoid.  He  further  holds  that  in  less  aluminous  pelites  if 
silica  is  dehcient  reaction  (3)  is  inhibited,  permitting  chloritoid  to 
crystallize  through  the  kyanite  to  the  sillimanite  zones.  It  is  not 
clear  in  this  case  why  reaction  (2)  does  not  prevent  this  much 
extended  stability  of  chloritoid.  In  the  Saxa  Vord  Group  free  quartz 
is  in  any  case  present  so  there  is  no  question  of  a  kyanite  zone 
assemblage.  The  chloritoid  is  in  its  normal  (almandine  zone) 
surroundings  and  reaction  (I)  is  stabilized  from  right  to  left.  It  is, 
of  course,  likely  that  aluminosilicate  material  in  the  garnet  zone  will 
normally  be  hydrated,  and  represented  by  pyrophyllite.  The  produc¬ 
tion  of  kyanite  from  pyrophyllite,  like  most  of  the  reactions  discussed 
in  this  paper,  involves  dehydration  with  rising  grade : 

Pyrophyllite  Kyanite  +  3  Quartz  »  Water  (4) 

The  P-T  positions  for  the  curves  of  such  equations  are  therefore 
variable,  following  the  varying  chemical  potential  of  the  water  vapour 
involved.  Reaction  (4)  is  particularly  sensitive  to  such  variations 
(Thompson,  1955).  Kyanite  may  also  arise  by  a  second  dehydration : 

Paragonite  •  Quartz  Albite  -t  Kyanite  :  Water  (5) 
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Common  experience  suggests  that  both  reaction  (4)  and  reaction  (5) 
are  stabilized  towards  the  right  in  the  epidote-amphibolite  facies  in 
regional  metamorphism,  reaction  (5)  being  somewhat  the  higher-grade 
transition.  Reaction  (4)  has  gone  to  the  right  unusually  early  in  the 
Unst  example,  in  the  garnet  zone  in  fact.  Observation  suggests  that 
the  position  of  most  curves  of  dehydration  do  not  vary  greatly  from 
one  regional  metamorphic  terrain  to  another.  For  example,  the 
curves  for  equations  (6),  (7),  and  (13)  appear  to  vary  little  in  relation 
to  fixed  transition  curves  such  as  the  inversions  of  the  aluminosilicates. 
That  is,  the  rate  of  escape  of  volatiles  is  broadly  similar  in  the  meta¬ 
morphism  of  most  of  these  terrains  (Thompson,  loc.  cit.,  p.  98). 
Yoder  (1955)  has  also  examined  this  problem.  He  emphasizes 
differences  in  the  metamorphism  of  sediments  of  differing  original 
water  content.  He  does  not  accept  the  broad  similarity  in  the  rate 
of  escape  of  volatiles  here  suggested. 

Kyanite  in  the  Staurolite  Zone 

Kyanite  in  this  zone  is  of  common  occurrence.  In  the  Dalradian, 
staurolite  appears  before  kyanite  in  advancing  grade,  but  they  are 
soon  found  together.  In  other  areas  the  two  zones  are  indistinguish¬ 
able,  and  as  shown  above  kyanite  can  exist  at  lower  grades  than 
staurolite.  The  arrival  in  the  Dalradian  of  staurolite  before  stauro- 
lite  +  kyanite  has  therefore  no  universal  significance.  The  general 
association  of  the  two  minerals  in  pelites  has  led  to  the  view  that 
they  both  occur  within  one  subfacies  (Turner,  1948,  p.  81).  It  is, 
however,  recognized  that  kyanite  persists  beyond  staurolite  in  rising 
metamorphism,  thus  the  exit-point  of  staurolite  rather  than  the 
entry-point  of  kyanite  is  significant  and  should  define  the  lower  limit 
of  the  kyanite  zone.  Turner  (loc.  cit.,  p.  82)  and  Vogt  (1927,  pp.  437, 
438)  mention  this  earlier  exit  of  staurolite,  and  similarly  Wyckoff 
(1952,  pp.  27-8)  suggests  a  possible  subfacies  in  which  the  assemblage 
kyanite-muscovite-garnet-biotite,  without  staurolite  is  stable.  She  has 
indeed  mapped  this  assemblage  as  a  zone  in  the  Wissahickon  Schist 
of  Pennsylvania  (loc.  cit.,  fig.  22). 

The  Kyanite  Zone 

Staurolite  disappears  by  the  rightward  displacement  of  the  following 
reaction  (Turner,  loc.  cit.,  p.  82): 

3  Staurolite  f  2  Quartz  Almandine  ^  5  Kyanite  I  3  Water  (6) 
Turner  states  that  this  reaction  takes  place  at  the  boundary  between 
the  staurolite  and  the  kyanite  zones,  but  in  Barrow's  definition  “  it  is 
the  line  marking  the  first  oncoming  or  the  *  outer  limit  ’  of  the 
mineral  that  gives  the  zonal  line”  (1912,  p,  275).  Hence,  Barrow’s 
kyanite  zonal  line  (isograd)  comes  in  before  staurolite  is  resorbed. 
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As  shown,  this  appearance  of  kyanite  in  the  Dal  radian  has  no  fixed 
significance  and  it  is  suggested,  following  Turner,  that  the  kyanite 
isograd  should  be  redefined,  as  the  “  inner  limit  ”  of  staurolite  rather 
than  the  **  outer  limit  *’  of  kyanite.  Naturally  this  division  requires 
evidence  that  staurolite  could  crystallize  within  its  P-T  held.  Turner 
and  Verhoogen  (1951,  p.  418)  mention  that: 

**  staurolite  ...  is  restricted  to  rocks  of  high  iron  content  and  its 

value  as  an  index  mineral  is  on  this  account  somewhat  doubtful.” 

Suzuki  (1930),  Williamson  (1953),  and  Ellitsgaard-Rasmussen  (1954) 
have  examined  the  chemical  limits  for  rocks  which  will  under  suitable 
physical  conditions  grow  staurolite,  and  they  are  indeed  somewhat 
restricted.  Both  alumina  and  iron  must  be  high  but  total  iron  (as 
FeiO«)  must  not  exceed  about  half  the  alumina  figure.  Lime  is  low, 
potash  is  usually  but  not  always  low  (cf.  Read,  1923,  p.  64,  anal.  vii). 
In  spite  of  these  restrictions  staurolite  is  a  common  product  of 
regional  metamorphism.  It  is  known  in  schists  of  numerous  areas 
and  widely  differing  geological  age. 

The  chemical  composition  of  kyanite-schist  from  Glen  Urquhart 
falls  within  Williamson's  limits  for  a  staurolite-bearing  rock,  yet  the 
rock  contains  hardly  any  staurolite.  The  mineral  has  been  found  in 
two  slides  only  and  in  these  it  occurs  scantily,  enclosed  in  kyanite 
and  garnet,  remote  from  quartz.  Clearly  it  is  here  a  stable  relict,  and 
the  rock  is  in  the  kyanite  zone  as  defined  above.  It  remains  to 
determine  the  position  of  these  rocks  in  the  facies  classification.  In 
this  kyanite-schist  plagioclase  ranges  to  andesine  (An4,).  According 
to  the  sliding  equilibrium  between  maximum  anorthite  content  and 
epidote  minerals  (Ramberg,  1952)  such  a  plagioclase  indicates  the 
amphibolite  facies.  A  survey  of  the  numerous  papers  on  staurolite- 
bearing  rocks  (for  example:  Ellitsgaard-Rasmussen  [1954],  Streck- 
eisen  [1928],  Suzuki  [1930],  Vogt  [1927])  shows  that  the  anorthite 
content  of  plagioclase  in  these  rocks  does  not  exceed  Ana«,  which 
confirms  Ramberg's  opinion  (1952,  p.  151)  that  .  .  .  “staurolite 
apparently  never  forms  within  the  amphibolite  facies  ”. 

A  further  indication  that  the  kyanite-schist  of  Glen  Urquhart  is  in 
the  amphibolite  facies  comes  from  adjacent  isograde  marbles.  These 
contain  diopside,  and  Ramberg  (loc.  cit.,  pp.  150-1)  has  given  reasons 
for  believing  that  this  mineral  is  restricted  to  the  amphibolite  facies 
at  its  low-grade  stability  limit.  From  these  observations  it  seems 
that  staurolite  ( d:  kyanite)  pelites  are  in  the  epidote-amphibolite  facies, 
staurolite-free  kyanite  pelites  are  in  the  amphibolite  facies.  We  should 
then  split  Turner’s  staurolite-kyanite  subfacies  into  two,  on  the  basis 
of  equation  (6),  namely : 

(1)  The  StauroUte-Quartz  Subfacies. — For  rocks  isograde  with  stable 
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assemblages  of  these  two  minerals,  lying  in  the  highest  part  of  the 
epidote-amphibolite  facies;  and 

(2)  The  Kyanite-Muscovite  Suh/acies. — For  rocks  isograde  with 
stable  assemblages  of  this  pair,  without  staurolite,  lying  in  the  lower 
part  of  the  amphibolite  facies.  (The  significance  of  muscovite  is 
discussed  below.) 

Aluminosilicale-Poiash  Feldspar  Parageneses 

The  status  of  sillimanite-bearing  pelites  is  more  complex  than  that 
of  the  lower  grades,  and  published  opinions  on  these  rocks  are  more 
divergent.  In  the  passage  from  the  kyanite  zone  to  the  sillimanite 
zone,  as  in  the  Dalradian,  it  is  clear  that  aluminosilicate  material  must 
invert  from  kyanite  to  sillimanite  if  the  rock  reached  equilibrium  in 
kyanite  zone  conditions  before  entering  the  sillimanite  zone.  In  fact, 
this  inversion  has  rarely  been  demonstrated  in  the  clearest  way, 
namely  by  pseudomorphous  sillimanite  containing  relict  cores  of 
kyanite  (Alderman,  1950).  Barrow  (1893,  p.  352)  has  traced  a  single 
pelitic  bed  near  the  River  North  Esk  from  the  staurolite,  through  the 
kyanite  to  the  sillimanite  zone  and  a  close  study  of  this  section 
might  be  very  useful.*  If  pseudomorphs  are  absent,  some  form  of 
solution,  transport,  and  redeposition  of  Al^SiO*  must  operate,  possibly 
with  the  micas  participating.  The  first  sillimanite  is  often  in  quartz 
veins  and  segregations,  and  transporting  fluids  are  easily  visualized  in 
the  sillimanite  zone. 

In  any  event,  much  of  the  sillimanite  at  the  entry  of  the  zone  is 
associated  with  muscovite  and  biotite  and  arises  from  their  break¬ 
down.  Muscovite  decomposes  according  to  a  rightward  displacement 
of  the  equation : 

Muscovite  f  Quartz  ^  Potash  Feldspar  :  Sillimanite  t  Water  (7) 
Potash  feldspar  now  appears  in  pelites  for  the  first  time,  the  KtO 
having  been  contained  entirely  in  mica  in  the  lower  grades.  Ramberg 
(1952)  is  not  quite  decided  about  the  status  of  this  equation.  He 
remarks  that  .  .  .  “  it  seems  evidenced  by  petrographic  experience 
that  sillimanite  is  stable  within  the  very  uppermost  P-T  field  of  the 
amphibolite  facies"  (loc.  cit.,  p.  151),  and  indicates  this  on  his 
fig.  29  (p.  58).  However,  he  then  uses  the  rightward  displacement 
of  this  equation  to  define  the  lower  boundary  of  the  granulite  facies 
(pp.  151,  158).  The  association  sillimanite-potash  feldspar  is,  however, 
common  in  areas  where  isograde  ferromagnesian  rich  rocks  are  free 
from  the  orthopyroxene  of  the  granulite  facies,  the  Dalradian 
sillimanite  zone  being  but  one  example.  Turner  (1948,  p.  85)  has 

*  In  slides  from  the  Scottish  Dalradian  kyanite  can  sometimes  be  seen 
persisting  in  rocks  in  which  sillimanite  is  already  forming  in  a  biotite  host. 
(Professor  C.  E.  Tilley:  personal  communication.) 
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included  this  association  in  his  sillimanite-almandine  subfacies  at  the 
top  of  the  amphibolite  facies,  and  this  seems  the  proper  place  for 
the  onset  of  this  association  which,  admittedly,  continues  into  the 
granulite  facies. 

The  breakdown  of  biotite  to  form  sillimanite  has  recently  been 
described  by  Tozer  (I9SS)  in  the  Dalradian  of  Glen,  Co.  Donegal. 
His  description  and  summary  of  the  literature  emphasize  the 
importance  of  this  origin  of  sillimanite.  Tozer  suggests  that  by¬ 
products  of  the  change  at  Glen  [K,  Mg,  F  and  (OH)]  have  been 
expelled,  only  Fe,  as  magnetite,  remaining  in  the  system.  It  seems 
unlikely  that  such  a  process  always  obtains.  We  may  expect  to  find 
by-products  other  than  the  magnetite  grains,  particularly  potash 
feldspar.  Ramberg  (1952,  p.  57)  describes  the  breakdown  of  biotite 
at  high  grades  in  terms  of  its  two  end  members : 

Fe-Biotite  +  Muscovite  +  3  Quartz  ?*  2  Potash  Feldspar  f 
Almandine  f  2  Water  (8) 

Phlogopite  +  Muscovite  -f  3  Quartz  **  2  Potash  Feldspar  I- 
Pyrope  +  2  Water  (9) 

According  to  Ramberg  both  reactions  occur  within  the  granulite  facies 
for  MnO-free  garnets,  reaction  (8)  always  occurring  at  lower  grade 
than  reaction  (9).  When  MnO  (spessartite)  enters  the  system  these 
two  reactions  are  proportionately  lowered.  He  has  probably  placed 
these  reactions  at  too  high  a  grade  since  we  have  already  seen  that 
muscovite  and  quartz  become  unstable  at  about  the  middle  of  the 
amphibolite  facies  [reaction  (7)].  In  the  highest  part  of  the  amphi¬ 
bolite  facies  we  will  therefore  have  MgO-rich  biotites  in  equilibrium 
with  FeO-rich  garnets.  He  also  suggests  (loc.  cit.,  p.  58)  that  if 
kyanite  (or  sillimanite)  takes  the  place  of  muscovite  a  similar  reaction 
will  occur: — 

Biotite  f  Kyanite  f  Silica  **  Potash  Feldspar  +  Garnet  i  Water  (10) 
But  in  the  sillimanitization  of  biotite  we  may  be  seeing  a  variant  of 
this  reaction.  The  kyanite,  as  alumina  in  solution  (see  above),  may 
catalyse  a  reaction  in  which  sillimanite  and  iron  ore  appear  instead 
of  garnet. 

KFe,Si,A10,^0H),  +  Al,0,  +  SiO,  **  (11) 

Fe-Biotite  Dissolved  Kyanite 

KAISi,0,  +  AI,SiO»  +  3FeO  +  H,0 
Potash  Feldspar  Sillimanite 

Evidence  for  this  reaction  is  the  decolourization  (iron-impoverish¬ 
ment  ?)  of  the  Glen  biotites  during  sillimanitization  and  the  formation 
of  exsolved  magnetite  grains  (Tozer,  loc.  cit.).  If  no  other  excess 
alumina  mineral  (aluminosilicate,  muscovite)  is  present  in  a  rock  and 
the  biotite  is  a  low-alumina  variety  we  may  expect  it  to  remain  stable 
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on  entering  the  sillimanite-almandine  subfacies.  Thus,  in  systems 
where  Mn  is  low,  low-Al  (and  high  Ti)  biotites  may  persist  up  to 
and  even  somewhat  beyond  the  boundary  of  the  granulite  facies, 
when  they  will  be  resorbed  according  to  the  reaction : 

Biotite  Hypersthene  r  Potash  Feldspar  +  Water  ‘  (12) 

Also  at  the  general  position  of  the  sillimanite-potash  feldspar  para- 
geneses  are  kyanite-potash  feldspar  parageneses.  The  latter  must 
occupy  a  field  contiguous  with  those  containing  sillimanite,  but  on 
the  higher  pressure  side.  Some  of  these  kyanite-potash  feldspar  rocks 
are  in  the  amphibolite  facies  (siilimanite-almandine  subfacies,  as 
here  defined)  (Ch’ih,  1950),  and  some,  as  in  Saxony,  and  in  Harris 
(Davidson,  1943),  are  in  the  granulite  facies. 

A  luminosilicate-  M usco  vi te  Parageneses 
In  the  eastern  United  States  areas  in  which  rising  metamorphic 
grade  produces  the  stable  assemblage  sillimanite-muscovite  before  the 
assemblage  sillimanite-potash  feldspar  are  well  known.  Ten  miles 
may  in  places  separate  the  two  sillimanite  isograds.  WyckofT  has 
described  and  mapped  them  both  in  the  Wissahickon  Schist  (1952). 
In  New  England  the  two  zones  have  been  distinguished  by  many 
workers  (cf.  Chapman,  1952).  The  first  sillimanite  zone  arises  by  the 
breakdown  of  staurolite  in  the  presence  of  quartz  (Chapman,  loc.  cit., 
p.  420): 

3  Staurolite  f  2  Quartz  **  Almandine  -  Sillimanite  ■  3  Water  (13) 

Billings  (1950)  has  named  this  first  sillimanite  zone  the  sillimanite- 
muscovite  subfacies.  It  is  clear  that  it  arises  by  a  reaction  identical 
to  (6)  above  except  that  the  aluminosilicate  crystallizes  within  the 
stability  field  of  sillimanite,  not  kyanite.  That  is  to  say  the  pair 
sillimanite-muscovite  lies  in  a  P-T  field  on  the  higher  temperature, 
lower  pressure  side  of  the  pair  kyanite-muscovite.  Similarly,  stable 
assemblages  of  andalusite  and  muscovite,  without  staurolite  (and  often 
with  cordierite  in  place  of  almandine)  belong  in  this  subfacies.  They 
are  found,  for  example,  in  northern  Aberdeenshire  and  north-eastern 
Banffshire  (Read,  1923).  Transitions  are  known  from  andalusite- 

*  Ramberg  accords  to  Mg  and  Fe  opposite  roles  in  this  reaction  to  those 
played  in  (8)  and  (9).  In  reaction  (12)  it  is  the  Mg-biotite  which  is  the  first 
to  react  (loc.  cit.,  p.  158).  He  also  remarks  that  “  it  is  evidenced  by  held 
exploration  and  laboratory  test  that  rhombic  pyroxene  is  stable  in  the 
highest  half  of  the  amphibolite  facies  just  below  the  granulite  or  the 
pyroxene-homfels  facies”  (loc.  cit.,  p.  156).  As  discussed  above,  and  by 
Ramberg,  and  Yoder  (1955),  the  varying  chemical  potential  of  water  vapour 
in  metamorphism  will  alter  the  position  of  the  P-T  curve  of  a  dehydration 
reaction  of  this  sort.  This  clarihn  some  apparent  anomalies  and  ”  blurred  ” 
sequences  of  mineral  transitions,  particularly  at  the  boundary  between  the 
amphibolite  facies  and  the  granulite  facies. 
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staurolite  ^  through  andalusite-muscovite  and  sillimanite-muscovite  to 
assemblages  of  sillimanite-potash  feldspar.  In  the  broad  sense  (and 
to  avoid  too  much  fragmentation  of  the  amphibolite  facies)  the  three 
pairs  andalusite-muscovite,  sillimanite-muscovite  and  kyanite-musco- 
vite  could  be  grouped  together  in  the  kyanite-muscovite  suh/acies. 
Chapman  equated  the  first  sillimanite  zone  with  the  sillimanite- 
almandine  subfacies  and  placed  the  second  sillimanite  zone  “  in  the 
upper  part  of  amphibolite  facies  ”  (loc.  cit.,  p.  422).  According  to 
the  conclusions  of  this  paper.  Chapman’s  first  sillimanite  zone  would 
be  in  the  kyanite-muscovite  subfacies  as  here  defined,  his  second 
sillimanite  zone  in  the  sillimanite-almandine  subfacies.  Above  the 
second  sillimanite  zone  Chapman  recognizes  an  approximately-drawn 
isograd  beyond  which  all  mica  decomposes  to  form  potash  feldspar 
and  garnet.  This  will  be  in  the  granulite  facies,  as  he  remarks. 

P-T  Curves  of  Univariant  Equilibrium 

The  clearest  method  of  visualizing  metamorphic  transitions  such  as 
the  ones  described  in  this  paper  is  by  plotting  the  reactions  at 
univariant  equilibrium  as  curves  on  a  pressure-temperature  diagram. 
Unfortunately  very  few  experimentally  determined  data  are  available 
for  a  plot  involving  phase  transitions  in  pelitic  rocks  at  successive 
stages  of  regional  metamorphism.  When  such  a  plot  can  be  made 
with  measured  values,  and  superimposed  upon  similarly  plotted  curves 
for  other  rock  compositions  the  resultant  network  will  form  the 
**  petrogenetic  grid”  which  Bowen  (1940)  has  indicated  as  the  goal 
for  research  in  the  metamorphic  facies  field. 

In  the  absence  of  measured  values  for  almost  all  the  transitions 
in  pelites  we  can  still  construct  a  P-T  diagram  which  may  roughly 
indicate  the  “shape  of  things  to  come”.  Thompson’s  paper  (1955) 
is  a  particularly  useful  guide  in  making  such  a  diagram.  In  Text-fig.  I 
temperature  (T)  is  plotted  against  the  pressure  on  the  solid  phases 
(Ps),  the  pressure  on  the  fluid  phases  (Pt)  has  been  taken,  as  a 
simplifying  assumption,  to  be  approximately  constant.  This  has  been 
suggested  above  as  valid  for  most  regionally  metamorphosed  pelites 

*  Ellitsgaard-Rasmussen  (1954)  has  suggested  that  staurolite  never 
crystallizes  at  equilibrium  with  the  AI,SiOt  minerals  in  general,  and  with 
andalusite  in  particular.  In  spite  of  numerous  descriptions  of  kyanite  with 
staurolite  and  several  of  andalusite  with  staurolite,  apparently  in  ^uilibrium, 
he  ascribes  these  pairs  to  “  unfavourable  experimental  conditions  ”.  He 
divides  these  pairs  by  a  reaction  of  the  type  of  (6)  of  this  paper,  separating 
an  excess  water  field  with  staurolite  from  a  held  deficient  in  water  with 
AljSiOt.  We  have  seen  that  in  fact  it  is  not  the  presence  or  absence  of  water 
(which  must  be  present  as  a  vapour  phase  on  both  sides  of  the  reaction), 
but  a  certain  P-T  balance,  modified  by  the  chemical  potential  of  the  water 
vapour,  which  governs  such  a  reaction.  Further,  at  a  lower  P-T  position 
(grade)  than  that  at  which  the  reaction  decomposes  staurolite,  if  sufficient 
alumina  is  available  there  is  no  theoretical  bar  to  the  association  of 
andalusite  or  kyanite  with  staurolite  and  quartz. 
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at  middle-grades.  In  contact  metamorphism  admittedly  (Pf)  will 
usually  have  a  different  value,  and  the  dehydration  curves,  which  are 
really  the  traces  on  the  Pi-T  plane  of  divariant  surfaces  in  Pi-Pg-T 
space  will  strictly  speaking  need  to  be  plotted  on  a  new  Pi-T  plane 
depending  on  Pf  of  the  contact  metamorphism.  The  joining  of  curves 
from  the  held  of  regional  to  that  of  contact  metamorphism  in 
Text-fig.  1,  therefore  implies  contact  metamorphism  in  which  the 
escape  of  volatiles  is  fairly  readily  achieved  as  in  the  regional  field, 
consequently  Pf  remains  rou^ly  constant  and  there  is  no  “  sub¬ 
merging  ”  of  andalusite  by  hydrated  minerals  such  as  pyrophyllite 
and  kaolinite  (Thompson,  loc.  cit.,  p.  98).  Thompson  has  considered 


Text-fig.  1. — The  P,-T  field  of  metamorphism  with  the  inversion  curves  of 
the  anhydrous  aluminosilicates  after  Thompson  (1955)  and  the 
suggested  curves  of  typical  reactions  in  the  metamorphism  of  pelites 
added  schematically  (explanations  in  the  text). 

contact  metamorphism  of  this  sort,  but  has  laid  stress  on  contact 
metamorphism  at  higher  values  of  Pf.  Dehydration  curves  on 
Text-fig.  1  have  the  predicted  negative  slope  and  small  amount  of 
curvature.  Also  plotted  are  the  straight  line  curves  for  the  inversion 
of  the  anhydrous  aluminosilicate  polymorphs  (Thompson,  loc.  cit.)  * 
and  of  another  polymorphous  transition  (Curve  H).  Curves  D  and  F 
are  for  the  two  reactions  specifically  treated  in  this  paper  (the 
dehydrations  of  staurolite  and  muscovite,  respectively),  the  other 
curves  are  for  reactions  normally  used  to  define  facies  and  subfacies 
boundaries  in  pelitic  rocks. 

Curve  A  is  for  reactions  of  the  type  muscovite  f  ferromagnesian 


‘  Similar  curves  have  been  proposed  by  Miyashiro  (1949). 
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chlorite  +  quartz  ^  biotite  +  aluminous  chlorite.  This  reaction  is 
composition  sensitive  to  the  proportion  of  Al/Mg  -r-  Fe  and  Mg/Fe 
in  the  rock  (Ramberg,  19S2)  so  a  bulk  composition  or  composition 
range  for  the  rock  will  need  to  be  specified  to  fix  the  position  of  the 
curve. 

Curve  B  in  the  field  of  regional  metamorphism  is  for  the  generation 
of  garnet  from  chlorite,  bearing  in  mind  the  modifying  influence  of 
MnO  in  garnet  stability  relations  (Miyashiro,  1953).  In  the  contact 
metamorphic  held  the  curve  gives  way  to  another  curve  of  different 
slope  representing  the  generation  of  cordierite,  e.g.  from  chlorite  and 
aluminosilicate  material. 

Curve  C  represents  the  formation  of  staurolite  from  chloritoid.  It 
defines  reaction  (I)  of  this  paper.  It  will  become  a  new  curve  in  the 
stability  field  of  andalusite.  It  does  not  enter  the  field  of  cordierite. 

Curve  D  is  the  univariant  equilibrium  curve  of  reaction  (6).  It 
becomes  a  new  curve  of  different  slope  within  the  andalusite  field, 
and  does  not  enter  the  field  of  contact  metamorphism  proper. 

Curve  E  represents  the  various  reactions  whereby  the  enrichment 
of  plagioclase  in  anorthite  in  rising  metamorphism  has  reached  the  value 
of  Ant,  (Ramberg,  1952).  As  already  remarked,  petrographic 
experience  suggests  that  Curves  D  and  E  run  close  to  each  other 
and  usually  pass  through  or  near  to  the  invariant  point  where  kyanite, 
sillimanite,  and  andalusite  are  stable  together.  Curve  E  is  modified 
to  another  curve  in  the  andalusite  field  if  anorthite  is  formed  from 
AltSiOt  and  epidote,  but  not  if  it  is  formed  from  muscovite  and 
epidote  (Ramberg,  loc.  cit.). 

Curve  F  is  for  a  univariant  equilibrium  of  the  type  of  reaction  (7) 
of  this  paper.  It  is  really  three  curves  of  different  slope  in  the 
andalusite,  kyanite,  and  sillimanite  fields. 

Curve  G  represents  the  dehydration  of  biotite  to  form  garnet  or 
rhomic  pyroxene  and  potash  feldspar.  The  reaction  forming  rhombic 
pyroxene  is  composition  sensitive,  and  biotites  with  high  Fe/Mg  or 
Ti/Fe  +  Mg  persist  a  short  way  into  the  granulite  facies  in  some 
cases. 

Curve  H  is  needed  to  define  the  lower  limit  of  the  sanidinite  facies 
in  pelites.  The  inversion  low  cordierite  5^  high  cordierite  (Miyashiro, 
et  al.,  1955)  appears  suitable. 

Curve  I  is  a  simplification  of  the  complex  of  reactions  which  limits 
the  stability  field  of  cordierite.  These  reactions,  which  have  recently 
been  reviewed  by  R.  I.  Marker  (1954),  are  sensitive  to  the  bulk  Fe/Mg 
ratio  of  the  rock  and  probably  to  other  factors.  He  gives  the  following 
reaction  as  illustrative  of  the  changes  at  Cam  Chuinneag : 

12  Cordierite  f  7  Muscovite  •*  7  Mg-Fc  Biotite  f  30  Kyanite  ^ 
Almandine  f  27  Quartz. 
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A  reaction  given  by  Eskoia,  and  Turner  (1948): 

8  Orthoclase  +  3  Cordierite  -  5  H,0  v*  6  Muscovite  t  2  Biotite  4  15  Quartz, 
is  perhaps  the  more  general  one.  As  it  does  not  involve  Al,SiO»  the 
curve  for  this  reaction  will  be  continuous  across  the  andalusite- 
sillimanite  inversion,  but  will  give  place  to  another  curve  of  different 
slope  above  its  intersection  with  Curve  H.  Curve  I  is  markedly 
different  in  attitude  to  all  the  other  curves.  Petrographic  experience 
shows  that  cordierite  crystallizes  over  a  wide  temperature  range,  but 
only  at  low  pressures.  It  is  not  stable  at  the  invariant  point  of 
kyanite,  sillimanite,  and  andalusite,  but  in  the  held  of  low-pressure 
regional  metamorphism  a  short  way  from  this  point  it  is  well  known 
to  occur  (Read,  1923).  For  simplicity  reactions  (4)  and  (5)  of  this 


T  _ _ 


Text-fio.  2. — The  curves  of  Text-fig.  1  used  to  define  facies  and  subfacies 
boundaries.  The  subfacies,  following  Turner  (1948),  with  the 
modifications  here  suggested  are:  (I)  muscovite-chorite ;  (2)  bio- 
tite-chlorite ;  (3)  chloritoid-almandine;  (4)  actinolite-epidote  hom- 
fels:  (5)  staurolite-quart/ ;  (6)  kyanite-muscovite;  (7)  antho- 
phyllite-cordierite;  (8)  sillimanite-alme.ndine.  In  the  absence  of 
investigated  pelitic  rocks  in  Turner’s  almandine-diopside-homblende 
subfacies  (1948)  this  subfacies  is  left  undefined. 

paper  have  not  been  plotted  as  curves  as  they  do  not  affect  present 
definitions  of  facies  and  subfacies  boundaries. 

Text-fig.  2  makes  use  of  the  above  schematic  curves  to  suggest 
facies  and  subfacies  boundaries.  The  diagram  is  obviously  simplified 
at  the  boundaries  of  the  pyroxene-hornfels  facies,  especially  with 
regard  to  the  alternative  reactions  of  Curve  G,  viz.  biotite  silliman- 
itc  garnet  +  potash  feldspar  f  water,  and  biotite  hypersthene  -r 
potash  feldspar  -i-  water.  In  the  pyroxene-hornfels  facies  cordierite 
largely  takes  the  place  of  garnet,  whilst  biotite,  hypersthene,  and 
potash  feldspar  are  all  stable.  Turner  (1948)  has  shown  how  Fe,0, 
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acts  as  an  additional  component  in  this  facies  to  permit  formation 
of  assemblages  such  as  orthoclase-cordierite-biotite,  and  orthoclase- 
hypersthene-biotite. 

At  the  invariant  point  where  the  fields  of  kyanite,  sillimanite,  and 
andalusite  meet  the  phase  rule  allows  all  three  minerals  to  crystallize 
together  (since  F  =0,  then  P  =*  C  +  2).  As  we  have  seen,  staurolite 
can  with  rising  temperature  give  way  directly  to  sillimanite  (Chapman, 
19S2)  so  that  staurolite  also  is  stable  at  the  invariant  point.  This 


Text-fkj.  3. — Part  of  Text-fig.  1  showing  metamorphic  trends  in  areas 
mentioned  in  this  paper,  with  index  minerals  and  critical  assemblages 
(detailed  fully  in  Table  I). 


leads  to  the  intriguing  speculation  that  pelitic  rock  which  has 
recrystallized  at  just  this  point  must  outcrop  somewhere  and  provide 
us  with  the  equilibrium  assemblage  staurolite-kyanite-sillimanite- 
andalusite.  Such  a  specimen  might  be  found  in  Mid  Strathspey, 
where  a  sillimanite-andalusite-staurolite  rock  has  already  been 
recorded  from  the  Moines  (Hinxman,  et  al.,  1914,  pp.  20,  S5)  and 
kyanite  occurs  (admittedly  in  the  Grantown  Series)  only  a  few  miles 
away  (loc.  cit.,  pp.  29,  54).  I>eeside  and  north-east  Banffshire  might 
be  other  possible  areas,  and  the  minerals  all  occur  within  a  restricted 
area  in  Maine  and  in  Western  Australia.  Suzuki  (1930)  gives  a  list  of 
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Alpine  localities  at  which  combinations  of  the  minerals  occur.  In  the 
Fluela  group  of  mountains  there  is  a  belt  four  kilometres  long  contain¬ 
ing  schists  and  gneisses  with  all  four  minerals  (Streckeisen,  1 928)  but  they 
are  not  at  equilibrium  in  the  specimens  studied.  In  an  earlier  stage 
staurolite,  kyanite  and  sillimanite  crystallized,  and  at  a  later  stage 


A  B 


(Ortkodtu)  (Microclinc) 

C  D 

Text-hg.  4. — A  K  F  diagrams  for  rocks  with  excess  silica :  (A)  the  chlori- 
toid-almandine  subfacies  (almandine  zone);  (B)  the  staurolite- 
quartz  subfacies  (staurolite  zone);  (C)  the  kyanite-muscovite  sub¬ 
facies  (kyanite  zone);  (D)  the  sillimanite-almandine  subfacies 
(sillimanite-zone). 

staurolite  became  unstable  and  andalusite  formed.  In  this  case  clearly 
P-T  conditions  have  hovered  near  to  the  invariant  point,  but  some¬ 
where  in  the  four  kilometre  belt  there  may  be  a  small  outcrop  of  the 
equilibrium  assemblage.  Plagioclase  in  the  FlCela  rocks  does  not 
exceed  30  per  cent  in  anorthite  content,  which  supports  the  conclusion 
that  Curve  E,  as  well  as  Curve  D,  passes  close  to  the  aluminosilicate 
invariant  point. 
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The  schematic  curves  of  Text-hg.  1  allow  no  fkid  for  the  andalusite- 
granulites  (e.g.  of  Saxony).  If  they  really  represent  recrystallization 
under  P-T  conditions  within  the  granulite  facies  a  small  modification 
of  the  curves  is  needed.  Text-fig.  3  shows  a  part  of  Text-fig.  1  with 
lines  illustrating  possible  trends  of  metamorphism  in  Barrow’s  classic 
area  of  the  Dalradian  and  in  other  areas  mentioned  in  this  paper. 
Barrow’s  index  minerals,  and  critical  assemblages  in  the  other  areas 
(List  in  Table  I)  are  marked  at  appropriate  points  on  the  trend  lines. 
Text-fig.  4  gives  AKF  diagrams  for  four  of  the  subfacies  here 
discussed. 

Table  1 


Index  Minerals  and  Critical  Assemblages  of  the  Regional  Trend  Lines  in  Text-fig.  3 


Trend  | 
Line 

Area 

Index  Minerals  (A-B)  and 
Critical  Assemblages 

1 

Authority 

A-B  i 

Dalradian  of  the  | 

Grampians  | 

1 

1.  chlorite 

2.  biotite 

3.  almandine 

4.  staurolite 

5.  kyanite 

6.  sillimanite 

I  Barrow  (1912) 
Tilley  (1925a) 

C-D 

Wissahickon  Schist,  near 
Philadelphia,  Pennsyl¬ 
vania. 

7.  staurolite-kyanite  -v 

8.  kyanite-muscovite  I 

9.  sillimanite-muscovite  r 

10.  sillimanite-K-feldsparJ 

11.  kyanite-K-feldspar 

1  WyckofT(1952) 

1  Ch’ih  (1950) 

E-F 

4 

Sunapee  Quadrangle, 

New  Hampshire. 

12.  staiirolite-quartz  -v 

1  13.  sillimanite-muscovite  I 

14.  sillimanite-K-feldspar  > 

15.  gamet-K-feldspar  (no  1 

1  biotite)  J 

'  Chapman  (1952) 

1 

G-H 

j  Dalradian  of  N.  Aberdeen- 
1  shire  and  N.E.  Banffshire 
!  (Polymetamorphism  and 
the  presence  of  cordierite 
j  complicate  the  picture  in 

1  this  area)  kyanite-stauro- 
lite  is  an  additional 

1  assemblage. 

j  16.  andalusite-staurolite  ) 

1  17.  andalusite-muscovite  1 

I  18.  sillimanite-muscovite  i 
19.  sillimanite-K-feldspar  j 

1 

1 

1  Read  (1923) 

I-K 

1  Saxa  Vord  Group,  (Jnst, 

1  Shetland  Islands. 

20.  andalusite-staurolite\ 
j  21.  kyanite-chloritoid  / 

1  Read  (1934) 
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Addendum 

Since  this  paper  was  submitted  a  comprehensive  study  of  muscovite 
by  H.  S.  Yoder  and  H.  P.  Eugster  (Geochim.  et  Cosmochim.  Acta,  1955, 
viii,  228-280)  has  been  published.  In  this  study  the  reactions  represented 
by  Curve  F  of  the  present  paper  are  considered  and  a  similar  curve  is 
plotted.  Probable  phase  assemblages  within  estimated  temperature 
intervals  under  a  water  pressure  of  1 ,000  bars  are  also  given.  Published 
at  this  same  period  is  a  paper  describing  an  occurrence  of  the  three 
aluminosilicate  polymorphs  within  a  single  rock  (A.  Hietanen, 
Amer.  Mineral.,  1956,  xli,  1-27).  Staurolite  occurs  sparingly  with  them, 
but  is  for  the  most  part  proxied  by  cordierite,  for  these  schists  have 
higher  Mg/Fe  ratios  than  normal  pelites.  In  the  unusual  case  of 
pelites  with  high  Mg/Fe  ratios  Curve  I  of  the  present  paper  may  be 
shifted  to  run  on  the  high  pressure  side  of  the  aluminosilicate  invariant 
point,  permitting  the  crystallization  of  kyanite-sillimanite^ordierite 
assemblages  (see  also  Tilley,  Geol.  Mag.,  1937,  bcxiv,  300).  Hietanen 
records  all  the  possible  inversions  between  the  three  polymorphs 
except  andalusite  kyanite  (known  from  Cam  Chuinneag). 
Neighbouring  rock  shows  the  association  epidote-plagioclase  (An.*). 

Hietanen's  work  mentions  a  further  occurrence  of  a  kyanite- 
andalusite-sillimanite  schist  (without  staurolite  or  cordierite)  from 
Arizona  (E.  D.  Wilson,  Amer.  Mineral.,  1929,  xiv,  373/381). 
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Some  Uniserial  ’’  Membraniporine  Polyzoan  Genera 
and  a  New  American  Albian  Species 

By  H.  Dighton  Thomas  and  G.  P.  Larwood 
Abstract 

Herpetopora  Lang  is  considered  to  be  a  junior  synonym  of 
Pyripora  d’Orbigny,  from  which  Rhammatopora  Lang  is  dis¬ 
tinguished  by  possessing  apertural  spines.  A  new  species  of 
Pyripora  is  d^ribed  from  the  Albian  of  Texas. 


I.  Introduction 

Although  cheilostomatous  Polyzoa  have  been  known  from 
the  English  Albian  for  a  long  time  [e.g..  Vine,  1890,  pp.  461, 
481,  484;  Lang,  1915,  pp.  496-501  (and  references)],  none  had  been 
recorded  from  the  American  Albian  till  Chectham  (1954)  described 
Wilbertopora  mutabilis  from  Texas.*  While  examining  some  Texan 
Albian  echinoids,  we  discovered  another  species  of  cheilostomatous 
Polyzoan  encrusting  one  of  them  and  belonging  to  Pyripora 
d'Orbigny.  We  were  already  investigating  some  of  the  Cretaceous 
species  of  that  genus,  and  our  conclusions  concerning  Pyripora  as 
well  as  a  description  of  the  new  American  species,  are  given  below. 

We  are  indebted  to  Dr.  Anna  B.  Hastings  for  discussions  on  the 
Recent  species  of  Pyripora. 

11.  Pyripora  d’Orbigny  and  Herpetopora  Lang 

Genus  Pyripora  d’Orbigny 

1849  Pyripora  d’Orbigny,  p.  449. 

1850  non  Pyripora:  d’Orbigny,  vol.  2,  p.  263. 

1853  Pyripora:  d’Orbigny,  p.  538  [partim]. 

1854  Hippothoa:  Reuss,  p.  134. 

18%  Eucratea:  Ulrich,  p.  284  [non  Lamouroux,  1812,  p.  183). 

\9\Aa  Herpetopora  Lang,  p.  5. 

1920  Pyripora:  Canu  &  Bassler,  p.  78. 

1920  Herpetopora:  Canu  &  Bassler,  p.  81. 

1935  Herpetopora:  Bassler,  p.  124. 

1935  Pyripora:  Bassler,  p.  181  [partim — Pyriflustrina  d’Orbigny,  Pyri- 
flustrella  d’Orbigny,  Charixa  Lang,  Distelopora  Lang  and  Rhamma¬ 
topora  Lang  exci.]. 

1953  Eucratea:  Bassler,  p.  G154  [partim — fig.  115,  2a,  6  only}. 

1953  Herpetopora:  Bassler,  p.  G 1 57. 

1953  Pyripora:  Bassler,  p.  G158  [partim — Pyriflustrina  d’Orbigny,  Pyri- 
flustrella  d’Orbigny,  Charixa  Lang,  Distelopora  Lang  and  Rhamma¬ 
topora  Lang  exd.]. 

Type  species  (by  original  designation). — Criserpia  pyriformis 

*  Cheetham,  although  referring  to  Lang’s  paper  (1915),  inexplicably 
claims  the  Texan  species  as  the  oldest  and  first  pre-Cenomanian  cheilo¬ 
stomatous  Polyzoan  described.  Vine’s  and  Lang’s  Albian  species  are,  of 
course,  of  similar  age  to  Wilbertopora  mutabilis  Cheetham. 
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Micbelin,  1848,  p.  332,  pi.  79,  figs.  6<i,  b.  Helvetian.  Doue  (Maine- 
et-Loire),  Anjou,  France. 

Diagnosis. — Zoarium  encrusting,  uni-  or  pluri-serial ;  zooecia  pyri¬ 
form,  budded  distally  and  uni-  or  bi-laterally  or  both,  proximally 
tapered,  often  with  a  very  slender,  tubular  proximal  cauda  * ; 
aperture  longitudinally  oval;  cryptocyst  forming  a  narrow  shelf 
round  most  of  the  opesia;  gymnocyst  well  developed  proximally; 
no  calcified  basal  wall ;  no  ovicells,  spines  or  avicularia. 

Remarks. — Lagaaij  (1952,  p.  21)  has  stated,  “  Pyripora  pyriformis 
(Michelin)  is  not  easily  interpreted  in  detail  from  Michelin’s  figure, 
and,  although  several  attempts  are  known  (d’Orbigny,  1849,  p.  499; 
Lang,  1915,  p.  501),  it  is  clear  that  only  new  topotype  material  can 
provide  a  clue  as  to  the  true  character  of  the  type  species  [the  type 
specimen(s)  being  considered  as  lost].’*  Nevertheless  its  main 
characters  can  be  made  out,  and  Lagaaij  (p.  22)  has  commented, 
“  Just  as  in  the  case  of  the  latter  [Pyripora  catenularia  (Jameson)  *], 
the  zooecia  [of  P.  pyriformis]  appear  subject  to  considerable  change 
whenever  the  pluriserial  growth  occurs,  as  they  readily  lose  their 
pyriform  aspect.”  From  these  statements,  with  which  we  agree,  it  is 
apparent  that  Hippothoa  catenularia  Fleming  is  a  species  of  Pyripora, 
and  comparisons  may  be  made  with  it  in  deciding  which  other  species 
belong  to  d’Orbigny’s  genus.* 

In  Pyripora  pyriformis  (Michelin)  the  growth  is  pluriserial  in  places 
as  well  as  uniserial,  and,  in  addition  to  distal-median  budding  of  the 
zooecia,  uni-  and  bi-lateral  budding  both  occur.  Thus  Lang  (1915, 
p.  503)  was  in  error  in  considering  the  lateral  budding  to  be  only 
unilateral  in  Pyripora.  Variable  budding  similar  to  that  of  P.  pyri¬ 
formis  occurs  in  P.  catenularia  (Reming),  in  which  short  caudae  are 
also  present  rarely  in  some  zoaria. 

Lang  (19140,  p.  5)  introduced  the  genus  Herpetopora  for  H.  anglica 
Lang  (the  type  species),  Hippothoa  cruciata  Reuss,  and  a  number  of 
other  Upper  Cretaceous  species.  These  were  defined  (p.  5)  as 
”  Incrusting,  uniserial,  Cheilostome  Polyzoa,  in  which  each  individual 
normally  has  either  a  distal  or  one  distal  and  two  lateral  buds,  so 
that  the  normal  mode  of  branching  is  *  bilateral  In  H.  cruciata, 

in  which  we  merge  Herpetopora  anglica  Lang  and  H.  clavigera  Lang, 
the  lateral  budding  is,  however,  variable  and  may  be  uni-  or  bi-lateral 
in  different  parts  of  a  given  zoarium  (Text-fig.  \b);  there  is  also  at 
least  a  tendency  to  pluriserial  habit.  In  the  new  Albian  species  from 

‘  “  Cauda  ”,  see  Lang,  19146,  p.  441  (“  “  proximal  ‘  caudal  ’  portion  ” 
of  a  normal  zooecium,  Lang,  19140,  p.  6). 

*  The  correct  name  is  Pyripora  catenularia  (Reming) — see  Hastings  and 
Thomas  (in  the  press). 

*  Marcus  (1949,  p.  6)  has  discussed  the  distinction  between  Pyripora  and 
Electra  Lamouroux. 
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Texas  described  below  pluriserial  growth  is  frequent  in  one  of  the 
paratypes  (Text-fig.  2b).  Several  of  the  Cretaceous  species  referred 
to  Herpetopora  by  Lang,  Voigt  (1930,  p.  409)  and  Brydone  (1936, 
p.  88),  as  well  as  the  Texan  species,  have  well-defined  caudae  in  parts 
of  the  zoaria  but,  in  other  parts,  the  caudae  are  absent  or  very  short 


Text-fio.  I. — Pyripora  cruciata  (Reuss) — variation  in  budding  and  length 
of  caudae. 

a  »  D.8387,  Turonian,  zone  of  H.  planus,  near  Chatham,  Kent; 
b  =  D.2061I,  Turonian,  zone  of  T.  lata,  near  Goring,  Oxfordshire 
(both  specimens  are  paratypes  of  Herpetopora  anglica  Lang).  [In 
text-figs.  1-3  the  line  at  the  distal  end  of  each  zooecium  is  not 
a  suture,  but  is  due  to  the  distal  wall  descending  to  the  next 
cauda.] 


[e.g.,  Pyripora  cruciata  (Text-fig.  1)  and  P.  lexana  (Text-fig.  2)].  In 
Herpetopora  danica  Lang  caudae  are  absent,  and  the  proximal 
gymnocyst  is  even  more  reduced  than  in  Pyripora  catenularia.  Hence, 
it  is  not  possible  to  separate  these  species  from  Pyripora,  and 
Herpetopora  Lang  is  thus  a  junior  synonym  of  that  genus. 

Canu  and  Bassler  (1920,  p.  81)  suggested  that  the  two  genera  may 
be  synonymous,  but  proposed  that  should  that  be  so,  then  Herpetopora 
**  might  still  be  maintained  for  the  species  devoid  of  the  caudal 
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portion  The  latter  suggestion  is,  of  course,  inadmissible,  since  the 
type  species  of  the  genus,  H.  anglica  Lang,  is  caudate. 

Hippothoa  irregularis  Gabb  and  Horn  (1860a,  p.  366;  18606,  p.  4(X), 
pi.  69,  figs.  18-20),  of  Tertiary  age,  was  referred  to  Pyripora  by  them 
in  1862  (pp.  122,  157).  It  has  apertural  spines  and  ovicells  and  was 
transferred  to  Allantopora  by  Lang  (19146,  p.  436;  see  also  Canu  and 
Bassler,  1933,  p.  24,  pi.  4,  fig.  6). 

The  new  Texan  species  described  below  extends  the  range  of 
Pyripora  downwards  into  the  Albian. 

Stratigraphical  Distribution. — Albian  to  Recent. 

III.  Genus  Rhammatopora  Lang 

Lang  (1915,  p.  496)  introduced  the  genus  Rhammatopora  with  the 
Albian  species,  Membranipora  gaultina  Vine  (1890,  pp.  461,  484),  as 
type  species.  Rhammatopora  has  a  similar  habit  to  that  of  Pyripora, 
but  was  characterized,  according  to  Lang,  particularly  by  the 
possession  of  a  “  rhamma  ”  (a  hypothetical  ridge  bounded  by  two 
furrows)  and  a  “  beaded  termen  ”  (i.e.,  beaded  apertural  margin). 
Our  examination  of  the  material  of  R.  gaultina  (Vine),  R.  vinei  Lang 
and  R.  pembrokiae  Lang  in  the  British  Museum  (Natural  History) 
has  convinced  us  that  the  **  rhamma  ”  is  really  a  more  or  less 
longitudinal  but  irregular  crack  which  may  be  produced  in  the  slender 
hollow  cauda  during  fossilization,  and  that  it  is  of  no  systematic 
importance  (cf.,  Canu,  1916,  p.  59).  The  “  beads  ”,  however,  are 
seen  under  a  high  magnification  to  be  the  bases  of  fine  apertural 
spines.  Thus  Rhammatopora  is  not  a  synonym  of  Pyripora,  as  stated 
by  Canu  (1916,  p.  59),  but  is  distinguished  from  it  by  its  apertural 
spines. 

Charixa  Lang  (1915,  p.  500)  and  Distelopora  Lang  (1915,  p.  502) 
also  have  apertural  spines  and  are  therefore  distinct  from  Pyripora. 

IV.  Pyripora  texana,  sp.  nov.  (Text-hos.  2,  3) 

Holotype. — British  Museum  (Nat.  Hist.),  D.40541.  Specimen 
encrusting  a  test  of  Macraster  elegans  Shumard  (E.32078).  Albian, 
Comanchean,  Fort  Worth  Formation,  Tarrant  County,  Texas.  Miss 
M.  Renfro  Collection. 

Paratypes. — British  Museum  (Nat.  Hist.),  D.40539-40,  D.40542-45. 
Six  specimens  encrusting  the  same  echinoid  as  the  holotype. 

Diagnosis. — Pyripora  with  somewhat  irregular  uni-  or  bi-lateral 
budding,  sometimes  becoming  pluriserial;  zooecia  0*21  to  0*33  mm. 
wide,  distally  rounded,  proximally  tapered;  aperture  longitudinally 
oval,  ha  =*  0*33  to  0*36  mm.,  la  —  0*15  to  0*21  mm.;  cryptocyst 
a  narrow  proximal  shelf  extending  some  way  round  the  opesia; 
caudae  frequent,  relatively  broad,  about  as  long  as  the  rest  of  the 
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zooecia,  expanding  into  the  wider  and  higher  proximal  gymnocyst 
of  the  zooecia. 

Description. — Zoarium  encrusting,  with  distal-median,  and  uni-  and 
bi-lateral  budding.  The  distal-median  budding  is  apparently  always 
single,^  often  producing  long  chains  of  zooecia.  In  the  specimens 
available,  unilateral  budding  is  often  more  common  than  bilateral 
budding  in  a  given  zoarium.  Unilateral  budding  may  develop  on  one 
side  or  the  other  of  a  zooecium  from  the  distal-lateral  margins,  or, 
less  commonly,  from  the  sides  of  the  proximal  part  of  the  zooecium 


Text-ho.  2. — Pyripora  texana,  sp.  nov. 
a  =  D.40541,  holotype;  b  =  D.40540,  paratype. 

or  from  the  cauda.  The  angle  of  divergence  of  the  lateral  budding 
varies.  Bilateral  budding  occurs  at  the  same  level  on  each  side  of 
a  zooecium,  either  from  the  distal-lateral  margins,  or  more  proximally, 
or  from  the  cauda.  In  places  the  uni-  and  bi-lateral  branches  may  be 
close  together  or  in  contact  for  short  distances  giving  a  pluriserial 
habit.  Pluriserial  habit  is  common  in  D.40540,  and  also  occurs  in 
the  holotype. 

Caudae  relatively  wide,  tubular,  straight,  usually  as  long  as  the 
rest  of  the  zooecia,  but  may  be  slightly  shorter.  Each  expands  into 
the  wider  and  higher,  proximal,  smooth  gymnocyst  which  is  narrowly 

^  Apparently  paired  distal  buds  (e.g.,  Text-hg.  2a)  really  comprise  a 
distal-niiedian  bud  and  a  distal-lateral  bud. 
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developed  round  the  sides  of  the  aperture,  occasionally  widening 
slightly  beyond  its  distal  margin. 

Zooecia  longitudinally  oval,  somewhat  inflated,  but  tending  to  be 
flat  on  top;  lateral  and  distal  walls  curve  down  steeply,  the  latter 
rounded  distally;  basal  wall  apparently  not  calcified.  Aperture 


Text-ro.  3. — Pyripora  texana,  sp.  nov. 
a,  b  and  c  »  parts  of  the  holotype,  D.4054I. 


longitudinally  oval,  tending  to  be  very  slightly  pointed  distally  in 
a  few  instances,  about  twice  as  long  as  wide.  Cryptocyst  narrow, 
slightly  descending,  widest  proximally,  but  extending  some  way  round 
the  sides  of  the  opesia  and  possibly  as  a  very  narrow  shelf  inside  the 
distal  nurgins  of  some  apertures.  Opesia  somewhat  smaller  than  the 
aperture.  Sealed  and  regenerated  zooecia  not  seen. 

Spines,  avicularia  or  other  heterozooecia,  and  ovicells  not  present. 
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Measurements. —  Lz  =  0-72  to  0-93  mm. 

Iz  =  0*21  to  0-33  mm. 
ha  =  0-33  to  0*36  mm. 
la  =  0-15  to  0*21  mm. 
ho  =  0-21  to  0*27  mm. 
lo  =  0*15  to  0-18  mm. 

Lc  *  =  0*30  to  0'50  mm. 

Ic  *  =  0*07  to  0*10  mm. 

Remarks. — The  zoaria  of  P.  texana,  like  the  echinoid  which  they 
encrust,  are  somewhat  worn,  but  in  several  places  they  arc  sufficiently 
well  preserved  to  show  the  specific  characters. 

The  obvious  species  for  comparison  with  P.  texana  is  the  well- 
known  Chalk  species,  P.  cruciata  (Reuss),  originally  described  as 
Hippothoa  cruciata  (Reuss,  1854,  p.  134,  pi.  28,  fig.  1),  from  the 
Upper  Cretaceous  of  Nefgrabcn,  Gosau,  Austria.  In  P.  texana, 
however,  the  apertures  and  opesia  are  generally  smaller,  and  the 
caudae  much  shorter  and  distinctly  wider. 

There  is  no  evidence  of  apertural  spine-bases  in  P.  texana,  and  so 
it  is  excluded  from  Rhammatopora,  species  of  which  occur  in  the 
European  Albian  (Vine,  1890;  Lang,  1915). 
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The  Northern  Aureole  of  the  Ardara  Pluton  of  County 

Donegal 
By  M.  K.  Akaad 
(PLATE  XII) 

Abstract 

The  contact  aureole  on  the  northern  side  of  the  Ardara  granitic 
pluton  is  made  up  of  an  outer  part  where  contact  effects  are  slight, 
and  an  inner  part  in  which  a  broad  zone  of  andalusite  homfelses  is 
succeeded  towards  the  contact  by  a  narrower  zone  of  sillimanite 
homfelses.  The  textures  of  the  homfelses  indicate  that  several 
phases  of  recrystallization,  some  of  them  associated  with  phases 
of  movement,  took  place  during  contact  metamorphism.  Certain 
phases  can  be  correlated  with  particular  episodes  in  the  evolution 
of  the  pluton  itself. 


I.  Introduction 

The  granitic  pluton  of  Ardara,  Co.  Donegal,  was  intruded  into 
folded  and  regionally  metamorphosed  Dalradian  rocks  in  which 
it  induced  a  marked  contact  alteration.  The  pluton  itself  will  be 
described  in  a  separate  publication  (Akaad,  1956);  it  is  a  composite 
mass  which  was  emplaced  by  two  upwellings  of  magma  and  grew 
diapirically  by  forcing  aside  the  country-rocks.  Structural  data 
bearing  on  the  mode  of  origin  of  the  pluton  were  derived  both  from 
the  intrusion  itself  and  from  its  aureole.  The  present  paper  is 
concerned  with  the  petrological  aspects  of  the  contact  metamorphism. 
The  textures  of  the  rocks  within  the  aureole  are  indicative  of  more 
than  one  phase  of  recrystallization  and  movement,  and  it  will  be 
suggested  that  these  successive  phases  can  be  related  to  the  phases 
of  intrusion  of  magma  into  the  growing  diapir. 

The  country  rocks  of  the  Ardara  pluton  consist  of  metasediments 
with  bodies  of  nKtadolerite  and  some  lamprophyre  dykes.  Before 
the  intrusion  of  the  pluton  these  rocks  had  undergone,  firstly,  a 
regional  metamorphism  associated  with  northerly  movements  during 
which  pelitic  rocks  reached  the  garnet  grade  and,  secondly,  a  regional 
retrogressive  metamorphism,  connected  with  north-westerly  thrusting 
and  causing  phyllonitization  and  the  replacement  of  garnet  by 
chlorite.  The  effects  of  these  two  episodes  can  still  be  recognized  in 
the  outer  parts  of  the  contact  aureole  but  are  progressively  obliterated 
as  the  granite  is  approached. 

The  pluton  is  a  roughly  circular  body  some  five  miles  in  diameter 
and  its  northern  boundary  follows  a  curved  line  from  south  of  Narin 
to  Letterilly  (Text-hg.  1).  The  part  of  the  aureole  described  here 
forms  an  arcuate  belt,  over  a  mile  wide,  which  extends  northward 
from  the  pluton  to  the  shore  of  Gweebarra  Bay  and  includes  the 
island  of  Inishkeel  in  the  bay.  Most  of  the  ground  is  low-lying  but 
the  homfelses  of  Clooney  and  Cashelgolan  Hills  join  to  form  a  low 
ridge  parallel  to  the  granite  contact. 
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The  pelitic  and  semi-pelitic  rocks  of  the  northern  part  of  the 
aureole  are  divided  by  a  thick  linnestone,  which  runs  parallel  to  the 
contact,  into  an  outer  aureole  ”  showing  only  minor  contact  effects 
and  an  “  inner  aureole  ”  composed  of  a  broad  andalusite  zone  and 
a  thin  inner  sillinunite  zone.  The  limestone  itself,  though  recrystallized, 
is  not  mineralogically  altered. 


TexT'FKj.  I. — Sketch-map  of  the  northern  aureole  of  the  Ardara  Pluton. 


11.  The  Country-Rocks 

The  belt  of  metasediments  in  the  northern  aureole  contains  parts 
of  three  lithological  groups  belonging  to  the  Maas  Succession 
established  in  the  ground  lying  to  the  north-east  of  the  pluton 
(Iyengar,  Pitcher,  and  Read,  1954).  These  groups,  which  follow  each 
other  in  ascending  stratigraphical  order  southwards  towards  the 
granite  contact,  are  as  follow : — 

(youngest)  (c)  The  Qooney  Pelitic  Group  (=  Ceengort  Pelites  of 
Maas  Succession). 

(6)  The  Portnoo  Limestone  Group. 

(a)  The  Maas  Semi-pelites. 

(a)  The  Maas  Semi-pelites 

The  Maas  Semi-pelites  outcrop  with  moderate  southerly  dips  in  the 
islands  off  the  shore  of  Gweebarra  Bay  (Text-fig.  1).  They  are  very 
well  exposed  on  the  barren  shores  of  Inishkeel  Island,  where  an 
extended  succession  of  pelitic  and  graphitic  schists  and  phyllites  with 
two  thin  limestones  has  been  recognized.  Qn  Carrickfad  the  group 
includes  an  eastern  series  of  overfolded  pelitic  schists  which  has  been 
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thrust  by  the  shouldering  action  of  the  granite  against  a  western 
series  of  quartz-mica  phyllites. 

•  The  Maas  Semi-pelites  for  the  most  part  retain  the  textures  and 
mineral  assemblages  produced  during  the  phases  of  regional  meta¬ 
morphism.  The  pelitic  members,  however,  show  certain  mineralogical 
changes  due  to  the  contact  eflTects  of  the  granite  and  the  group  is 
here  regarded  as  falling  within  the  outer  aureole  of  the  pluton.  At 
Grabindoo,  a  high-grade  contact  metamorphism  has  been  induced 
by  the  action  of  one  of  a  number  of  minor  granitic  bodies  invading 
the  group. 

(6)  The  Portnoo  Limestone  Group 

In  the  area  under  consideration,  the  limestone  group  is  sub-divided 
into  the  Lower  Portnoo  Limestone,  consisting  of  a  thick  crystalline 
limestone,  and  the  Upper  Portnoo  Limestone  comprising  limestones 
and  graphitic,  pelitic  and  semi-pelitic  rocks. 

The  Lower  Portnoo  Limestone,  which  is  about  750  feet  in  thickness, 
constitutes  the  main  part  of  the  group.  It  shows  well-preserved  current 
bedding  younging  southwards.  The  rock  is  a  coarse,  light  grey  marble 
consisting  mainly  of  calcite  with  minor  amounts  of  quartz,  muscovite, 
and  graphite,  and  accessory  plagioclase,  rutile,  epidote,  iron  oxide, 
and  orthite.  Quartz  is  variable  and  generally  occurs  as  minute  grains 
enclosed  in  calcite. 

The  thermal  effects  of  the  granite  upon  this  thick  “  barrier  ”  of 
limestone,  and  upon  the  limestones  of  the  Upper  Portnoo  Group, 
do  not  involve  mineralogical  changes,  but  they  have  caused  re¬ 
crystallization  and  plastic  flow  of  the  rocks. 

The  Upper  Portnoo  Limestone  is  cut  out  in  the  region  between 
Narin  and  Ardlougher  by  the  Cashelgolan  Thrust  which  brings  the 
Clooney  Pelitic  Group  directly  into  contact  with  the  Lower  Portnoo 
Limestone.  The  east  end  of  the  thrust  is  truncated  by  a  tear-fault, 
the  Maas-Ardlougher  Dislocation,  and  the  Upper  Portnoo  Limestone 
appears  in  a  north-west-south-east  outcrop  on  the  north-east  side  of 
this  fault.  Excellent  continuous  exposures  occur  along  the  rocky 
coast  from  north-east  Cashelgolan  to  Drumshantony.  Here  the 
following  subdivisions  of  the  Upper  Portnoo  Limestone  can  be 
established : — 

Upper  Pelite,  grey  pelitic  schist. 

Upper  Banded  Calc-phyllite,  interbanded  graphitic  phyllite  and 
micaceous  limestone. 

Upper  Limestone,  80  feet  thick,  with  thin  micaceous  and  graphitic 
partings. 

Interbanded  Rags  and  Limestone,  20  feet  thick. 

Middle  Pelite,  80  to  100  feet  thick. 
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Banded  Semi-pelite,  grey  mica-schist  with  plagioclase-rich  bands. 

Lower  Banded  Limestone,  limestone  with  micaceous  and  graphitic 
bands. 

(c)  The  Clooney  Pelitic  Group 

The  Cooney  Pelitic  Group,  together  with  the  Upper  Portnoo  Lime¬ 
stone,  constitutes  the  inner  aureole  of  the  northern  side  of  the  Ardara 
granite  and  is  composed  of  high-grade  sillimanite  and  andalusite 
homfelses.  The  group  enters  the  area  from  the  west  with  the  regional 
east-south-east  strike ;  near  Narin  Hill  it  swings  round  to  accord  with 
the  arcuate  boundary  of  the  pluton  and  in  the  east  it  is  cut  off 
abruptly  by  the  Maas-Ardlougher  Dislocation.  The  rocks  of  this 
part  of  the  outcrop  arc  referred  to  as  the  Clooney  Homfelses.  A  thin 
strip  of  sillimanite  homfelses  along  the  north-eastern  boundary  of 
the  pluton,  near  Maas  and  Letterilly,  belongs  to  the  same  group  and 
constitutes  the  Maas  Homfelses. 

The  rocks  of  the  Cooney  Group  arc  predominantly  pelitic  and 
show  rhythmic  banding  and  graded  bedding,  particularly  in  the  lower 
part  of  their  succession.  The  uppermost  part  is  somewhat  less  pelitic, 
is  unbanded  apart  from  some  calc-silicate  ribs,  and  forms  a  transition 
to  a  higher  group — the  Rosbeg  Semi-pelitic  Group — not  represented 
in  the  present  area. 

In  the  lower  part  of  the  group,  north  of  the  summits  of  Clooney 
and  Cashelgolan  Hills,  original  sedimentary  structures  are  remarkably 
well-preserved,  in  spite  of  the  fact  that  the  rocks  have  undergone  two 
phases  of  regional  metamorphism  and  a  high-grade  contact  meta¬ 
morphism.  The  andalusite  crystals  usually  occur  in  bands  varying  in 
thickness  from  a  fraction  of  an  inch  to  a  foot  or  more.  Some  bands 
consist  almost  wholly  of  closely  packed  andalusites  with  a  little 
micaceous  material  between  them.  These  andalusite-rich  bands 
represent  highly  aluminous  beds  and  alternate  with  less  aluminous 
bands  in  which  andalusite  is  rare  or  absent.  The  alternation  of 
andalusite-rich  and  andalusite-poor  bands  resembles  that  in  the 
Boyndie  Bay  Group  of  Banffshire  (Read,  1923). 

The  junctions  of  the  andalusite-rich  bands  are  usually  sharp,  but 
examples  of  typical  graded  bedding  occur.  The  base  of  a  graded 
bed  may  be  entirely  free  from  andalusite,  whose  presence  is  a  measure 
of  the  clay  content  of  the  original  sediment,  or  it  may  contain  sparse 
andalusites  and  pass  upwards  into  a  pelitic  rock  rich  in  andalusite. 
In  the  lower  part  of  a  graded  bed  the  biotite  content  may  increase 
upwards,  progressively  darkening  the  rock.  The  graded  bedding  is 
very  similar  to  that  of  the  andalusite-schists  of  the  Boyndie  Bay 
Group  in  Banffshire  described  by  Read  (1936,  p.  473). 

In  reviewing  the  contact  metamorphism  affecting  the  three  groups 
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described  above  we  shall  be  principally  concerned  with  the  pelitic 
rocks  which  show  the  most  spectacular  changes.  The  other  types  are 
described  more  briefly. 

A  geochemical  study  of  the  effects  of  thermal  metamorphism  on 
the  Qooney  Pelitic  Group  has  been  made  by  R.  S.  Sinha  and 
W.  S.  Pitcher,  and  it  is  hoped  that  this  work  will  be  published  in 
due  course. 


III.  The  Outer  Aureole 

In  the  outer  aureole,  as  already  noted,  the  Maas  Semi-pelites  retain 
the  characters  impressed  upon  them  by  two  phases  of  regional 
metamorphism  and  show  only  minor  changes  due  to  the  contact 
effects  of  the  Ardara  pluton. 

Among  the  rocks  unaffected  by  thermal  metamorphism,  the  more 
pelitic  varieties  are  muscovite-chlorite-biotite  phyllonites  containing 
chloritic  pseudomorphs  after  garnet.  The  rocks  are  strongly  sheared 
and  frequently  contain  undeformed  porphyroblasts  of  chlorite  lying 
with  their  long  axes  parallel  to  a  lineation  which  plunges  gently  to 
the  south-west.  This  lineation  can  be  shown  to  be  associated  with 
the  development  of  shear  planes  and  thrusts  which  break  down 
regionally  metamorphosed  rocks;  its  orientation  is  perpendicular  to 
the  direction  of  movement.  It  appears  that  the  rocks,  which  were 
raised  to  the  garnet  grade  by  the  first  phase  of  regional  metamorphism, 
were  phyllonitized  during  this  shearing,  with  the  chloritization  of  the 
garnet  and  the  development  of  the  chlorite  porphyroblasts.  The  more 
siliceous  bands  of  the  Maas  semi-pelites  were  less  affected  by  the 
second,  retrograde,  phase  of  metamorphism,  probably  because  of 
their  greater  competence;  consequently,  the  regional  garnet  is  often 
preserved  in  them  without  chloritization. 

The  banded  pelites  and  semi-pelites  forming  the  thrust  block  in  the 
eastern  part  of  Carrickfad  exhibit  the  imprints  not  only  of  the  two 
regional  metamorphisms  mentioned  above  but  also  of  the  thermal 
effects  of  the  Ardara  granite.  In  these  rocks,  situated  about  1,850  yards 
from  the  contact,  the  chloritic  pseudomorphs  after  garnet  show  all 
stages  of  transformation  to  biotite.  The  chlorite  porphyroblasts  are 
altered  to  biotite  around  their  margins  and,  less  commonly,  along 
their  cleavages  (Plate  XII,  A).  The  quartz  is  coarser-grained  than  in  the 
regionally  metamorphosed  rocks  and  has  probably  recrystallized. 

In  the  pelitic  bands  on  Inishkeel,  more  than  2,6(X)  yards  from  the 
granite  contact,  chloritic  pseudomorphs  after  garnet  are  partially 
altered  to  biotite,  but  the  porphyroblastic  chlorite  is  here  unaffected. 
Limestone  horizons  on  the  island  have  been  plastically  deformed,  but 
are  not  mineralogically  changed. 

It  is  to  be  noted  that  the  pelitic  and  to  a  smaller  extent  the  semi- 
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pelitic  rocks,  which  are  the  only  types  to  record  the  effects  of  contact 
ntetamorphism  in  the  outer  aureole,  are  also  the  types  in  which  the 
two  phases  of  regional  metamorphism  are  best  developed.  The  texture 
and  composition  of  these  have  made  them  the  most  sensitive  to 
changes  in  conditions  throughout  the  metamorphic  history  of  the 
area. 


IV.  The  Inner  Aureole 

The  inner  aureole  (see  Text-hg.  1)  comprises  the  rocks  of  the 
Qooney  Group  lying  to  the  west  of  the  Maas-Ardlougher  Dislocation 
— the  Qooney  Hornfelses— the  rocks  of  the  same  group  east  of  the 
dislocation — the  Maas  Hornfelses — and  the  Upper  Portnoo  Lime¬ 
stone,  whose  outcrop  also  lies  east  of  the  dislocation.  Except  for 
some  parts  of  this  last  group,  the  metasediments  of  the  inner  aureole 
were  completely  recrystallized  during  the  contact  metamorphism  and 
the  small-scale  structures  and  the  textures  and  mineral  assemblages 
produced  in  the  two  earlier  phases  of  metamorphism  have  been 
totally  destroyed. 

On  the  west  of  the  Maas-Ardlougher  Dislocation,  the  Qooney 
hornfelses  display  an  inner  sillinumite  zone  120  to  140  yards  across 
and  an  outer  andalusite  zone  some  220  to  520  yards  in  width.  The 
hornfelses  for  some  yards  from  the  immediate  contact  with  the  granite 
contain  cordierite,  and  a  cordierite  sub-zone  of  the  sillimanite  zone 
can  therefore  be  distinguished. 

On  the  north-east  side  of  the  pluton  the  Maas  Hornfelses  form 
a  continuation  of  the  sillimanite  zone.  Pelitic  bands  in  the  Upper 
Portnoo  Limestone  of  this  region  are  andalusite-bearing  and  andalusite 
is  developed  also  in  the  eastern  continuation  of  the  Maas  Semi-pelites 
which  may  be  said  to  enter  the  inner  aureole  east  of  the  Maas- 
Ardlougher  dislocation  (Iyengar,  Pitcher,  and  Read,  1954). 

The  textures  of  the  hornfelses  record  an  extended  sequence  of 
reaction,  movenKnt,  and  re  rystallization  connected  with  the  intrusion 
of  the  Ardara  Pluton.  In  particular,  two  generations  of  andalusite 
can  often  be  recognized.  After  the  formation  of  the  hornfelses, 
shearing  along  vertical  planes  parallel  to  the  granite  margins  effected 
a  certain  degree  of  retrogression  marked  chiefly  by  the  alteration  of 
aluminium  silicates  to  shimmer  aggregate.  This  shearing  is  thought 
to  have  been  due  to  a  bodily  upward  movement  of  the  solidified 
pluton. 

TTte  Andalusite  Zone  :  The  Clooney  Hornfelses 

j  The  most  notable  feature  of  the  whole  aureole  is  undoubtedly  the 

I  great  developnKnt  of  andalusite  which  forms  crystals  with  a  maximum 

[ 
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length  of  6  inches  and  a  width  of  up  to  half  an  inch.  The  mode  of 
occurrence  of  the  mineral  in  the  field  shows  considerable  variation. 

In  most  exposures  the  andalusite  grows  at  random  within  the  plane 
of  schistosity  and  can  be  seen  as  elongated  bulges  on  the  schistosity 
surfaces.  Sometimes  the  characteristic  cruciform  inclusion  zones  of 
chiastolite  can  be  seen  in  crystals  standing  out  on  weathered  surfaces. 
The  most  remarkable  occurrence  of  chiastolite  in  the  whole  aureole 
is  found  at  a  point  between  Clooney  and  Cashelgolan  Hills,  140  yards 
from  the  main  road  and  110  yards  west  of  the  parish  boundary. 
Here,  a  large  bedding  surface,  dipping  60'’  south,  is  exposed  to  a 
height  of  about  10  feet  for  about  SO  feet  along  the  strike.  It  is  covered 
with  pink  chiastolite  crystals  1  to  2  inches  long,  which  show  a 
considerable  degree  of  preferred  orientation  parallel  to  the  strike 
direction.  This  linear  orientation  of  the  andalusites,  which  lie  parallel 
to  the  granite  boundary,  is  attributed  to  the  operation  of  northerly 
directed  stresses,  due  to  the  expansion  of  the  granite  pluton,  during 
the  growth  of  the  crystals. 

In  thin  sections  of  these  homfelses  the  most  important  constituents, 
apart  from  andalusite,  are  biotite,  quartz,  and  plagioclase  with  minor 
amounts  of  garnet,  staurolite,  and  hbrolite  and  accessory  iron  oxide 
and  graphite.  Most  rocks  contain  also  a  late  muscovite  whose  origin 
is  discussed  in  a  later  page.  The  groundmass  has  generally  a  noticeable 
schistosity  produced  by  the  orientation  of  biotite.  The  growth  of 
andalusites  may  distort  the  schistosity,  or  the  andalusites  may  enclose 
trails  of  inclusions  running  parallel  to  it. 

Biotite  occurs  as  large  red-brown  flakes.  Garnet  appears  as 
irregular  masses  and  broken  fragments.  Staurolite  is  of  sporadic 
occurrence,  usually  forming  inclusions  in  andalusite.  Plagioclase 
(An««)  forms  rather  scarce  elongated  poikiloblasts.  Fibrolite  is 
restricted  to  the  inner  part  of  the  andalusite  zone  where  it  replaces 
andalusite  and  forms  inclusions  in  quartz  or  late  muscovite. 

Andalusite  occurs  as  crystals  with  trails  of  inclusions,  as  poikilo- 
blastic  growths  with  large  inclusions  of  quartz,  biotite,  and  less 
commonly  of  staurolite,  as  chiastolite,  or  as  compact  prisms 
shouldering  aside  the  schistosity  of  the  rock.  The  most  interesting 
andalusites,  however,  are  those  in  which  two  generations  of  the 
mineral  can  be  distinguished.  For  example,  the  rock  with  oriented 
chiastolites  described  above  shows  in  thin  section  crystals  in  which 
a  core  of  andalusite,  sometimes  with  a  pink  pleochroism,  is  surrounded 
by  a  mantle  of  poikilitic  chiastolite  with  trains  of  inclusions  parallel 
to  the  schistosity  of  the  groundmass.  Very  occasionally  trails  of 
minute  inclusions,  whose  direction  is  at  variance  with  that  of  the 
trails  in  the  mantle,  can  be  seen  in  the  andalusite  cores.  Other 
specimens  showing  two  generations  of  andalusite  are  not  uncommon. 
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Some  varieties  have  rounded  or  irregular  cores  surrounded  by 
poikiloblastic  mantles.  In  one  example  (Text-fig.  2)  it  can  be  seen 
that  the  core  grew  by  pushing  aside  the  schistosity  of  the  rock  whereas 


Text-fio.  2. — Andalusite  homfels  containing  a  large  andalusite  crystal 
showing  two  stages  of  growth.  Width  of  held  about  S  mm. 

the  mantle  which  subsequently  surrounded  it  grew  by  enveloping  the 
minerals  of  the  groundmass.  The  complexity  of  the  homfelses  is 
well  illustrated  by  this  rock,  for  not  only  are  the  andalusites  compound 
crystals,  but  they  are  partially  replaced  by  bundles  of  hbrolite  growing 
inward  from  their  margins,  and  by  still  later  muscovites  which  follow 
the  trails  of  inclusions  in  the  outer  zone  but  fail  to  penetrate  the 
inclusion-free  cores. 

The  sequence  in  which  the  minerals  of  the  andalusite  homfelses 
developed  can  be  deduced  from  the  textures  described  above.  The 
minerals  of  the  groundmass,  including  the  staurolite  and  garnet,  occur 
frequently  as  inclusions  in  the  andalusites,  and  they  must  therefore 
have  been  formed  early  in  the  period  of  contact  metamorphism. 
Andalusite,  as  we  have  seen,  was  itself  developed  in  two  phases 
separated  by  an  interval.  Fibrolite  is  of  later  growth  than  andalusite, 
and  muscovite  was  probably  the  last  mineral  to  form. 

The  Andalusite  Zone  :  North-east  of  the  Maas-Ardlougher  Dislocation 
The  pure  pelitic  bands  in  the  Upper  Portnoo  Limestone  form 
andalusite  homfelses  like  the  Clooney  homfelses  and  need  no  separate 
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description.  Similar  gamct-staurolite-andalusite  homfelses  have  been 
described  from  the  ground  north-east  of  the  limestone  group  by 
Iyengar,  Pitcher,  and  Read  (1954)  who  conclude  that  the  staurolite, 
which  is  very  abundant  in  that  area,  was  earlier  than  the  andalusite 
and  that  movements  were  taking  place  during  the  development  of 
the  latter. 

The  other  subdivisions  of  the  Upper  Portnoo  Limestone  react  to 
thermal  metamorphism  in  different  ways  according  to  their  composi¬ 
tion.  Limestone  bands,  like  the  thick  Lower  Portnoo  Limestone, 
appear  to  be  mineralogically  unaffected.  The  dense  phyllites  and 
graphitic  flags  also  show  little  that  can  safely  be  attributed  to  the 
contact  metamorphism,  but  the  Upper  Pelite  and  the  Banded  Semi- 
pelite,  which  are  both  somewhat  calcareous,  show  notable  contact 
effects  and  are  described  below. 

The  Banded  Semi-pelite  is  a  grey  micaceous  schist  in  which  plagio- 
clase  porphyroblasts  are  distributed  in  bands  suggesting  a  certain 
degree  of  graded  bedding  in  the  original  sediment.  The  plagioclase- 
rich  bands  consist  of  andesine,  biotite,  garnet,  and  quartz  with  minor 
amounts  of  muscovite,  clinozoisite,  iron  oxide,  and  apatite.  The 
plagioclase  (about  Ani*)  forms  porphyroblasts  up  to  three  milli¬ 
metres  across  with  trails  of  inclusions  consisting  mainly  of  spindle- 
shaped  grains  of  quartz,  prisms  of  clinozoisite,  ragged  biotites,  and 
iron  oxide  and  apatite.  These  trails  are  often  folded  (Plate  XII,  B)  and 
the  plagioclase  porphyroblasts  appear  to  have  been  overprinted  on 
the  already  folded  matrix. 

The  garnets  of  the  rock  show  a  remarkable  structure  (Plate  XII,  D)  in 
that  they  possess  good  crystal  faces  in  one  direction  in  the  thin 
section,  but  in  the  opposite  direction  they  are  broken  and  have 

tails  ”  of  garnet  fragments,  biotite  flakes,  iron  oxide,  and  clino¬ 
zoisite.  It  can  be  inferred  that  movements  rolled  out  the  garnets  after 
they  were  formed;  the  andesine  porphyroblasts  are  not  affected  and 
must  have  been  formed  after  movement  ceased. 

Towards  the  more  pelitic  bands,  the  rock  becomes  finer-grained 
and  the  plagioclase  porphyroblasts  become  crammed  with  fine 
inclusions  and  opaque  dust  which  make  the  twinning,  where  it  is 
present,  less  distinct. 

Many  of  the  rocks  contain,  in  addition  to  the  garnets  described 
above,  aggregates  of  biotite  resembling  those  which  in  the  outer 
aureole  can  be  shown  to  replace  the  chlorite  pseudomorphs  after 
regional  garnet  (Plate  XII,  C).  These  pseudomorphs  of  pseudomorphs 
still  retain  traces  of  the  rotated  trails  included  in  the  original  garnet. 
The  presence  of  the  biotite  aggregates  shows  that  the  unaltered  garnets 
of  the  rocks  have  been  formed  by  the  thermal  metamorphism  and  it 
appears  that  further  movements  after  their  development  caused  them 
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to  break  down  mechanically.  Changes  in  the  conditions  of  thermal 
metamorphism  brought  about  the  formation  of  the  plagioclase 
porphyroblasts  after  the  cessation  of  these  movements. 

The  Upper  Pelite  of  the  Upper  Portnoo  Limestone  consists  ol  dark 
silvery-grey  knotted  schists  which  are  well-exposed  in  a  small  quarry 
near  the  track  to  Ardlougher  House.  The  rock  consists  of  muscovite, 
plagioclase,  and  zoisite  with  subordinate  biotite  and  quartz.  Slender 
blades  of  muscovite,  crammed  with  opaque  dust,  mark  the  undulating 
schistosity.  Porphyroblasts  of  andesine  (An«o)  stand  with  their 
longer  axes  at  an  angle  of  about  60"’  to  the  schistosity,  pushing  aside 
the  muscovite  and  giving  rise  to  the  knotting  seen  in  hand  specimen. 
These  porphyroblasts  contain,  in  order  of  decreasing  abundance, 
inclusions  of  quartz,  zoisite,  muscovite,  biotite  and  apatite,  aligned 
in  parallel  trails.  In  the  central  part  of  the  feldspars,  the  trails  run 
parallel  to  the  length  of  the  porphyroblasts,  but  at  each  side  they 
twist  over  in  opposite  directions  to  pass  into  the  schistosity  of  the 
groundmass.  It  seems  clear  that,  during  most  of  the  period  of  growth 
of  the  feldspars,  the  latter  lay  along  the  schistosity  of  the  rock,  and 
that  movements  taking  place  late  in  the  period  of  growth  rotated 
them  through  an  angle  of  about  60^.  If  we  assume  that  the  andesine 
porphyroblasts  were  formed  at  the  same  time  in  both  the  Banded 
Semi-pelites  and  the  Upper  Pelite,  then  their  paracrystalline  deforma¬ 
tion  in  the  latter  group  must  record  a  relatively  minor  movement 
which  did  not  affect  the  porphyroblasts  in  the  Semi-pelites. 

The  Sillirmnite  Zone  :  The  Clooney  Hornfelses 

As  one  passes  inwards  through  the  Clooney  Hornfelses  from  the 
andalusite  zone  to  the  sillimanite  zone,  the  andalusite  gradually 
declines,  and  in  the  field  a  boundary  between  the  two  zones  can  be 
mapped  without  difficulty.  The  inner  50  yards  or  so  of  the  andalusite 
zone  show  evidence  of  marked  swirling  and  free  mobility  and, 
together  with  the  whole  of  the  sillimanite  zone,  form  a  zone  of 
mobilization  about  200  yards  in  width  around  the  granite.  The 
swirling  folds  are  well  brought  out  by  the  bands  of  andalusite-rich 
rock,  but  are  less  conspicuous  in  the  more  massive  and  less  strongly 
banded  sillimanite  hornfelses. 

The  sillimanite  hornfelses  are  fine-grained  brownish-grey  rocks 
which  are  distinctly  less  schistose  than  the  andalusite  hornfelses. 
They  have,  however,  often  been  subjected  to  late  shearing  which  has 
somewhat  obscured  their  normal  characteristics.  The  unsheared 
varieties  consist  of  sillimanite,  biotite,  quartz,  plagioclase,  garnet,  and 
sporadic  staurolite.  The  sillimanite  forms  felt-like  aggregates  and 
mats  of  hbrolite,  usually  enveloping  spindle-shaped  flakes  of  biotite 
lying  along  the  schistosity.  Occasionally  it  occurs  as  slender  crystals 
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which,  near  the  Ardara  road,  become  large  enough  to  be  seen  on 
weathered  surfaces.  The  quartz  is  usually  crammed  with  hbrolite 
needles.  Garnet  is  not  very  abundant  and  forms  small  corroded 
grains  or  irregular  masses.  Staurolite  appears  as  minute  irregular 
grains.  Elongated  poikiloblasts  of  andesine  (Ani.)  lie  along  the 
weak  schistosity  with  trails  of  fine  inclusions  passing  through  them 
unhindered.  They  are  decidedly  more  abundant  than  in  the  andalusite 
homfelses.  Large  plates  of  late  muscovite  are  common  and  sillimanite 
is  often  largely  converted  to  white  mica. 

The  sillimanite  homfelses  are  entirely  devoid  of  andalusite,  but 
along  the  outer  boundary  of  the  sillimanite  zone  they  generally 
contain  pseudomorphs  of  hbrolite  after  chiastolite  and  andalusite. 
In  some  examples  cross-sections  of  the  pseudomorphs,  about  2-5  mm. 
in  diameter,  show  triangular  hbrolite  bunches  radiating  from  the 
centre  with  the  characteristic  chiastolite  cross  passing  diagonally 
between  the  triangles.  Most  of  the  hbrolite  is  altered  to  sericite  which 
retains  its  precise  form.  Specimens  with  these  pseudomorphs  also 
contain  elliptical  masses  of  fibrolite,  presumably  after  irregular 
andalusites,  in  addition  to  the  usual  thick  felts  of  fibrolite  around 
biotite  flakes.  The  development  of  fibrolite  pseudomorphs  after 
chiastolite  at  the  boundary  of  the  andalusite  zone  appears  to  be  the 
result  of  late  changes  in  the  physical  conditions  of  thermal  meta¬ 
morphism  causing  the  sillimanite  zone  to  advance  into  the  andalusite 
zone. 

The  Cordierite  Sub-zone. — Between  Narin  and  Ardlougher,  the 
sillimanite  homfelses  near  the  granite  contact  usually  contain 
cordierite,  a  mineral  which  has  not  been  recognized  in  the  rest  of 
the  sillimanite  zone,  and  a  cordierite  sub-zone  may  therefore  be 
distinguished.  A  typical  hornfels  from  this  sub-zone  contains 
sillimanite,  cordierite,  garnet,  biotite,  and  quartz  with  sporadic  staurolite. 
At  Clooney  and  Ardlougher,  the  cordierite  is  sometimess  pinitized. 

Gose  to  the  contact  at  Clooney,  there  are  bands  up  to  6  inches 
thick  of  brownish-grey  cordierite-biotite  hornfels  in  which  grains  of 
cordierite,  with  yellow  pleochroic  haloes  and  inclusions  of  quartz, 
form  the  bulk  of  the  rock.  Biotite  and  subordinate  andesine  are  the 
remaining  constituents.  These  cordierite-rich  homfelses  appear  to 
represent  original  sedimentary  bands  which  alternate  with  thin 
calcareous  ribs  containing  tremolite,  quartz,  and  pinitized  cordierite. 

The  sillimanite  homfelses  of  Clooney  occasionally  contain  bands, 
from  1  inch  to  10  feet  wide,  of  other  types  of  calc-silicate  rock.  In 
the  field,  these  rocks  are  quite  distinct  and  possess  a  massive  and 
greasy  appearance.  Two  main  assemblages  are  found :  (a)  grossular- 
idocrase-diopside-epidote-zoisite-calcite-quartz-potash  feldspar;  (b) 
actinoli  te-plagioclase-bioti  te-q  uartz. 
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The  Sillimanite  Zone  :  The  Maas  Hornfelses 

The  sillimanite  homfelses  of  Maas  form  a  thin  strip  running  north¬ 
westward  from  Letterilly  and  occupying  the  ground  between  the 
Maas-Ardlougher  Dislocation  and  the  north-eastern  boundary  of  the 
Ardara  granite.  The  rocks  are  pelitic  in  character,  and  are  generally 
medium-  to  fine-grained,  massive,  greyish-brown  homfelses.  Small 
staurolite  crystals  are  occasionally  discernible  in  the  hand  specimen. 
The  granite-homfels  contact  is  very  sharp. 

The  homfelses  consist  mainly  of  sillimanite,  biotite,  staurolite,  and 
quartz.  Sillimanite  occurs  as  felt-like  aggregates  of  hbrolite,  forming 
bundles  interleaved  with  the  biotite  and  elongated  folia  in  biotite-rich 
bands.  The  red-brown  biotite  is  seen  to  be  replaced  by  hbrolite  which 
is  in  turn  largely  replaced  by  sericite.  The  fibrolite  patches  are 
associated  with  abundant  grains  of  iron  oxide  apparently  released 
during  the  alteration  of  the  biotite.  Quartz  forms  large  grains, 
sometimes  containing  fibrolite  rosettes  growing  in  from  adjacent 
biotite  flakes.  Staurolite  occurs  as  sparse,  ragged  grains. 

Quartz  Veining  in  the  Inner  Aureole 

Quart z-andalusite  Veins. — The  homfelses  of  the  andalusite  zone 
contain  occasional  veins  and  irregular  masses  of  quartz  and  andalusite. 
These  bodies  have  three  principal  habits — they  occur  as  concordant 
veins,  as  steep  irregular  masses  aligned  parallel  to  the  strike,  and  as 
steep  discordant  veins  which  probably  follow  early  fractures  such  as 
joints  subsequently  destroyed  by  the  hornfelsing. 

The  andalusite  of  the  veins  is  a  stumpy  variety  with  strong  grooving 
and  a  pale  pink  colour.  In  section  its  colour  is  patchy  and  its 
extinction  irregular;  similar  features  shown  by  andalusite  in  a 
pegmatite  in  Fresno  County,  California,  were  found  by  MacDonald 
and  Merrian  (1928)  to  be  due  to  variations  in  the  content  of  ferric 
iron.  Thick  books  of  muscovite  are  found  in  veins  in  the  inner  part 
of  the  andalusite  zone. 

The  andalusites  commonly  grow  in  clusters  projecting  from  the 
walls  of  the  vein.  Excellent  examples  of  the  veins,  characterized  by 
thick  muscovites,  occur  in  a  large  quarry  east-north-east  of  Qooney. 
The  homfels  alongside  the  veins  in  this  locality  is  abnormally  poor 
in  quartz  and  contains  rectangular  porphyroblastic  muscovites 
2x3  mm.  in  size,  darkened  by  trails  of  opaque  inclusions. 

It  seems  clear  that  the  andalusite,  and  most  probably  the  muscovite, 
of  these  veins  is  derived  from  the  homfels  by  some  process  of  meta- 
morphic  differentiation.  The  origin  of  the  quartz  is  less  easy  to 
determine  since  quartz  veins  without  andalusite  are  common 
throughout  the  aureole  (see  below).  In  some  examples,  like  that 
mentioned  abo\e,  the  homfelses  in  contact  with  a  quartz-andalusite 
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vein  are  depleted  in  quartz  and  are  comparable  to  the  quartz-poor 
schists  in  contact  with  quartz-kyanite  veins  in  Unst  which  Read  (1933) 
ascribed  to  metamorphic  differentiation.  It  therefore  seems  likely 
that  at  least  some  of  the  quartz  in  the  veins  is  derived  from  the 
homfelses  themselves. 

An  important  feature  of  a  quartz-andalusite  vein  occurring  in  the 
Clooney  Homfelses  near  the  Maas-Ardlougher  dislocation  is  the 
evidence  it  provides  of  plastic  movement  after  its  formation.  This 
vein  is  disrupted  and  the  surrounding  homfelses  flow  in  plastically 
around  the  separated  fragments. 

Quartz  Veins. — Quartz  veins  are  more  abundant  in  the  inner  aureole 
than  in  the  outer  aureole  or  in  the  regionally  metamorphosed  rocks 
outside  the  aureole.  They  can  be  shown  to  belong  to  several  genera¬ 
tions  but  there  is  little  evidence  to  determine  whether  they  were 
introduced  into  or  derived  from  the  homfelses. 

V.  Contact  Metamorphism  of  Metadolerites 

The  metadolerites  show  no  changes  that  can  be  attributed  to  the 
regional  retrograde  metamorphism.  Types  in  the  outer  aureole 
unaffected  by  contact  action  are  massive  amphibolites,  with  their 
original  ophitic  texture  preserved  by  the  arrangement  of  uralitic 
aggregates  and  plagioclase  (Ant«_ti).  In  smaller  bodies  in  the  outer 
aureole,  the  original  plagioclase  has  been  altered  to  oligoclase  which 
is  accompanied  by  uralitic  actinolite,  epidote,  iron  oxide,  and  sphene. 
Shearing  and  movement  promote  the  recrystal lization  of  the  meta¬ 
dolerites,  as  well  shown  in  those  occurring  in  the  strongly-folded 
metasediments  on  Inishkeel.  In  the  inner  aureole,  metadolerites  in 
the  andalusite  zone  in  the  Clooney  area  shoW  wide  variation  in  their 
reaction.  Cores  of  thick  bodies  are  almost  unaffected,  but  their  outer 
parts  and  the  whole  of  the  smaller  masses  respond  to  thermal  meta¬ 
morphism  by  the  recrystallization  of  the  amphibole  and  plagioclase 
(andesine,  Anit_4«),  the  disappearance  of  epidote  and  generally  of 
sphene  and  the  development  of  biotite  around  the  margins  of  the 
bodies.  The  small  metadolerites  within  the  Maas  homfelses  are 
characterized  by  their  dark  colour,  coarse  grain-size  and  strong 
foliation.  Less  sheared  varieties  show  blebs  of  labradorite  (Anit-u) 
and  well-developed  solid  hornblende  crystals;  highly  sheared  types 
contain  an  unusually  high  proportion  of  quartz  and  show  biotite 
dispersed  throughout  the  rocks. 

VI.  Late  Shearing  in  the  Inner  Aureole 

The  homfelses  of  the  inner  aureole  are  traversed  by  a  steep  planar 
shear  structure  and  the  formation  of  thb  structure  has  been  attributed 
(Akaad,  1956)  to  the  vertical  upward  movement  of  the  Ardara  pluton 
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after  it  had  solidified.  The  shear-planes  trend  parallel  to  the  margin 
of  the  pluton  and  are  either  vertical  or  dip  steeply  inwards. 

In  the  Qooney  and  Maas  homfelses  the  effects  of  the  shearing  are 
most  marked  in  certain  zones,  but  these  zones  are  not  very  well- 
defined  and  the  intensity  of  the  shearing  varies  from  place  to  place; 
it  is  generally  strongest  in  the  semi-pelitic  horizons,  the  siliceous 
partings,  and  the  bands  rich  in  andalusite.  It  produces  a  distinct 
local  retrogressive  ntetamorphism  which  is  superimposed  on  the 
thermal  metamorphism. 

As  a  rule,  the  aluminium  silicate  minerals,  andalusite  and  sillimanite, 
are  completely  altered  to  fine  sericite  mica  in  the  sheared  homfelses, 
and  it  is  rare  to  find  even  among  unsheared  types  a  rock  in  which 
these  minerals  are  not  even  slightly  altered.  On  the  northern  slopes 
of  Clooney  Hill  the  shear-planes  can  be  seen  to  cut  through  the 
andalusite  crystals  and  a  single  andalusite  may  be  sliced  by  as  many 
as  six  shear-planes.  In  thin  section,  a  row  of  isolated  segments,  still 
in  optical  continuity,  are  seen  to  lie  in  an  elongated  pool  of  fine 
sericite. 

The  high-grade  homfelses  contain  large  porphyroblastic  plates  of 
muscovite  which  have  been  referred  to  earlier  in  this  paper  as  “  late  ” 
muscovite.  These  plates  lie  along  the  shear-planes  and  are  not 
themselves  deformed  by  the  shearing.  Locally,  large  porphyroblastic 
muscovites  grow  from  the  margins  of  andalusite  crystals  and  form 
a  broad  fringe  around  an  andalusite  core.  The  late  muscovite  is 
evidently  younger  than  the  shearing  movements  whose  effects  have 
been  described  above.  It  may  be  compared  with  muscovite  plates 
growing  across  shear-planes  in  sillimanite  homfelses  near  Maas  which 
have  been  described  by  Iyengar,  Pitcher,  and  Read  (1954). 

VII.  Discussion 

The  concentric  arrangement  of  an  inner  sillimanite  zone,  an 
andalusite  zone,  and  an  outer  zone  showing  only  minor  metamorphic 
changes  around  the  northern  side  of  the  pluton  appears  to  have  been 
controlled  by  the  temperature  gradient  set  up  by  the  intrusion  of  the 
pluton.  The  variety  of  aluminium  silicate  formed  was  clearly 
dependent  upon  the  temperature.  There  are  no  sillimanite  pseudo- 
morphs  after  andalusite  to  be  found  in  the  main  part  of  the  sillinunite 
zone  and  it  is  suggested  that  the  intrusion  of  the  original  body  of 
magma  forming  the  pluton  rapidly  raised  the  temperature  of  this  zone 
above  the  level  at  which  andalusite  could  form  and  thus  led  directly 
to  the  formation  of  sillimanite. 

Many  textural  features  of  the  homfelses  indicate  that  complex 
sequences  of  minerals  developed  during  the  thermal  metamorphism 
and  it  is  suggested  that  two  somewhat  distinct  phases  of  crystallization 
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can  be  distinguished.  As  already  noted,  there  is  no  evidence  that 
andalusite  was  ever  present  in  the  greater  part  of  the  sillimanite  zone, 
but  hbrolite  pseudomorphs  after  andalusite  are  found  in  a  narrow 
tract  along  the  contact  of  the  sillimanite  and  andalusite  zones.  The 
boundary  of  the  sillimanite  zone  apparently  moved  outwards  into  the 
andalusite  zone  at  a  relatively  late  stage  in  the  development  of  the 
aureole. 

In  the  andalusite  hornfelses  themselves,  staurolite  and  garnet  are 
clearly  of  early  formation,  since  they  occur  as  inclusions  in  andalusite. 
This  latter  mineral  itself  frequently  forms  composite  crystals  made  up 
of  two  distinct  generations  whose  modes  of  growth  were  often 
somewhat  different,  and  it  is  suggested  that  there  was  a  perceptible 
pause  between  the  development  of  the  cores  and  the  mantles  of  these 
crystals. 

In  the  Banded  Semi-pelite  and  the  Upper  Pelite  of  the  Upper 
Portnoo  Limestone,  evidence  of  two  phases  of  crystallization  is  again 
apparent.  Garnet  was  developed  during  an  early  phase.  It  subsequently 
underwent  mechanical  breakdown  and  a  later  phase  of  metamorphism 
led  to  the  growth  of  plagioclase  porphyroblasts. 

Another  feature  of  the  contact  metamorphism  which  can  be 
deduced  from  the  textures  of  the  hornfelses  is  the  extent  to  which 
movements  accompanied  the  theimal  effects.  Oriented  chiastolite 
porphyroblasts,  broken  garnet  crystals  and  plagioclase  porphyroblasts 
with  rotated  trails  of  inclusions  have  been  described  in  the  previous 
pages.  On  a  larger  scale,  the  presence  of  a  zone  of  mobilization  along 
the  margin  of  the  pluton  and  the  occurrence  of  a  disrupted  quartz- 
andalusite  vein  testifies  to  the  prevalence  of  plastic  movements  during 
metamorphism.  Later,  shearing  movements  led  to  the  development 
of  a  vertical  planar  structure  and  caused  a  certain  amount  of  retro¬ 
gressive  metamorphism.  ' 

It  has  been  suggested  elsewhere  that  the  Ardara  pluton  itself  was 
formed  by  two  phases  of  intrusion.  The  first  phase  was  marked  by 
the  upwelling  of  contaminated  quartz-diorite  and  granodiorite  magma 
carrying  with  it  some  tonalitic  material  of  complex  origin ;  the  second 
was  marked  by  the  arrival  of  uncontaminated  granodiorite  magma 
intruding  the  still  liquid  core  of  the  pluton.  The  effect  of  this  second 
intrusion  was  to  distend  and  dislocate  the  hornfels  aureole  (Akaad, 
1956).  It  is  reasonable  to  suggest  that  the  two  phases  of  crystallization 
apparent  in  the  hornfelses  may  be  related  to  the  two  magmatic 
episodes.  The  evidence  of  movements  in  the  aureole  may  be  ascribed 
to  the  forces  exerted  by  the  growing  diapir. 

The  conversion  of  aluminium  silicates  to  white  mica  as  a  result  of 
the  local  retrograde  metamorphism  of  the  hornfelses,  and  the  growth 
of  porphyroblastic  muscovite  along  shear-planes  must  have  involved 


392  Northern  Aureole  of  the  Ardor  a  Pluton 


the  migration  of  potash.  The  muscovite  appears  to  be  the  youngest 
of  all  the  minerals  of  the  homfelses  and  it  is  thus  evident  that 
chemical  activity  continued  well  after  the  main  periods  of  thermal 
metanK)rphism. 
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EXPLANATION  OF  PLATE  XII 

A.  — Muscovite-biotite  phyllonite  with  chlorite  porphyroblasts  formed  during 

regional  metamorphism :  the  porphyroblasts  show  partial  alteration 
to  biotite  as  a  result  of  thermal  metamorphism:  Carrickfad. 
O.L.  X  16. 

B.  — Mica  schist  of  Banded  Semi-pelite  showing  an  andesine  porphyroblast 

in  which  trails  of  inclusions  mark  the  folded  foliation.  O.L.  x  20. 

C.  — Mica  schist  from  the  Banded  Semi-pelite  of  the  Upper  Portnoo  Lime¬ 

stone,  Drumshantony.  Garnet  formed  early  in  the  regional 
metamorphism  is  pseudomorphed  by  chlorite  which  is  itself 
partially  replaced  by  biotite  formed  during  thermal  metamorphism. 
O.L.  X  24. 

D.  — Mica  schist  from  the  Banded  Semi-pelite  showing  new  garnet  formed 

by  thermal  metamorphism.  A  plagioclase  porphyroblast  lies  to  the 
left  of  the  garnet.  O.L.  x  24. 
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The  Interpretation  of  Flow -markings  and  Load-casts 

By  J.  E.  Prentice 
Abstract 

Some  sedimentary  structures  commonly  found  at  the  base  of  beds 
of  greywacke  have  been  given  a  variety  of  names.  It  is  suggested 
that  the  name  flute-cast  lx  used  for  scour-and-hll  structures,  which 
are  shown  to  be  oriented  parallel  to  the  direction  of  sediment  move¬ 
ment.  Superficially  similar  structures,  described  as  flow-casts,  are 
formed  by  movement  of  the  greywacke  during  and  after  its 
depmition  ;  study  of  their  internal  structure  and  their  relations 
to  ripple-direction  shows  them  to  be  oriented  at  right  angles  to 
the  current  direction. 

I.  Introduction 

IN  the  higher  parts  of  the  Culm  succession  in  the  Bideford  region. 
North  Devon,  occur  a  number  of  sedimentary  structures  which 
resemble  those  commonly  described  as  flow-casts  or  toad-casts.  In 
attempting  to  describe  these  structures,  and  to  infer  the  direction  of 
movement  of  sediment,  the  author  came  to  the  conclusion  that  more 
than  one  type  of  structure  has  been  described  under  these  names  ; 
these  types  are  different  in  origin  and  in  orientation.  The  following 
study  attempts  to  differentiate  two  forms  and  to  suggest  more  precisely 
their  mode  of  origin. 

The  term  flow-cast  was  first  published  by  Shrock  (1948,  p.  156)  with 
the  following  definition  :  “  .  .  .  they  represent  the  filling  of  the  nega¬ 
tive  features  produced  by  the  flowage  of  the  soft  underlying  sediment 
.  .  .  As  it  stands  this  definition  suggests  that  the  soft  sediment 
flowed  first,  producing  “  negative  features  ”,  which  were  then  repro¬ 
duced  as  a  cast  by  the  overlying  bed.  Shrock’s  following  description  of 
examples  (1948,  pp.  156-161)  indicates  quite  clearly,  however,  that  the 
mechanism  he  envisaged  involved  a  flowage  of  both  underlying  mud  and 
overlying  sand  whilst  both  were  in  a  hydroplastic  stage,  as  a  result  of 
differential  loading  by  the  sandy  deposit.  Later  Rich  (1950)  used  the 
term  flow-markings  to  describe  superficially  similar  structures  from  the 
Silurian  of  Central  Wales,  distinguishing  two  forms.  One  form  begins 
at  a  point  at  one  end,  grows  larger  and  then  gradually  dies  out  (Rich 
1950,  Fig.  4).  Another  type,  designated  in  the  captions  to  Rich’s 
Figs.  5  and  6  as  a  flow-roll,  has  a  rounded  and  bulbous  end.  Both  have 
parallel  orientations  on  any  one  bedding  plane,  but  the  two  types  do 
not  occur  together.  Rich  presents  strong  arguments  to  show  that 
flow-rolls  can  be  attributed  to  the  fluting  of  a  rock-surface  by  swift, 
sand-laden  water,  the  fiutings  later  becoming  cast  in  the  sandy  deposit 
above.  He  shows  also  that  these  fiutings  are  orientated  with  their 
long-axes  parallel  to  the  direction  of  flow,  and  with  the  bulbous  end 
upstream.  They  correspond  to  structures  described  by  Clarke  (1918, 
p.  217)  as  lobate  rill-marks,  and  not  to  the  fiow-casts  described  by 
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Shrock.  Kuenen  (1953,  p.  23),  appreciating  that  the  flow-casts  of 
Shrock  and  flow-markings  of  Rich  are  not  identical,  suggests  the  name 
load-cast  for  the  former.  He  regards  (p.  23,  footnote  1)  the  term  flow- 
cast  as  inappropriate  on  the  basis  of  Shrock’s  original  definition,  which 
appears  to  imply  no  flowage  in  the  overlying  sand  ;  but  this  was 
clearly  not  Shrock’s  intention.  Crowell  (1955)  has  described  as  load- 
casts  and  torose  load-casts  certain  structures  which  he  claims  were 
formed  before  or  during  the  sand  deposition.  The  present  author  has 
studied  structures  of  superficial  similarity  (see  below)  which  were 
clearly  formed  during  or  after  sand  deposition. 

Since  1953  the  term  load-cast  appears  to  have  been  used  for  the  flow¬ 
marking  structures  of  Rich  (e.g.  Carozzi,  1955,  Fig.  4)  and  clearly  the 
situation  needs  to  be  clarified.  It  is,  therefore,  suggested  that  the  term 
flow-cast  be  revived  as  a  ‘  generic  ’  term  in  the  sense  intended  by 
Shrock,  despite  the  imperfections  of  his  original  definition  ;  and  also 
that  the  term  flute-cast  proposed  by  Crowell  (1955)  be  used  for  the 
infillings  of  surface  flutings  of  the  type  described  by  Rich.  This  latter 
term  is  in  accordance  with  the  usage  of  the  word  flute  in  various  papers 
by  the  last  named  author. 


II.  Flute-casts 

The  structures  found  in  the  Aberystwyth  Grits  may  be  taken  as 
typical,  since  they  were  the  first  to  be  described  in  detail.  They  occur 
at  the  base  of  beds  of  greywacke,  there  being  a  marked  difference  in 
grain  size  between  the  beds  above  and  below  the  flute-cast  surface. 
The  casts  are  two  to  four  centimetres  across  with  one  bulbous  end 
which  may  be  one  and  a  half  centimetres  deep.  The  casts  have  a 
common  orientation  of  their  long  axes,  and  the  bulbous  end  is  in¬ 
variably  the  same  in  each  individual  cast.  In  cross-section  the  flute- 
bases  are  rounded,  whilst  the  ridges  between  have  sharp  crests.  Rich 
(1950,  p.  725-7)  has  shown  that  these  casts  are  orientated  along  the 
direction  of  the  current  which  eroded  them,  with  the  bulbous  end 
pointing  upstream.  Kuenen  (1953,  p.  25)  has  demonstrated  that  the 
current  which  filled  them  also  had  that  orientation.  A  sample  col¬ 
lected  by  Professor  J.  H.  Taylor  from  the  Aberystwyth  Grits  (Text-fig.  1) 
shows  a  number  of  critical  features.  Above  the  clear-cut  base  of  the 
flute-cast,  the  laminations  of  coarse  and  fine  greywacke  may  be  seen 
to  be  perfectly  parallel  and  to  *  lap-up  ’  the  sides  of  the  original  flute. 
The  undisturbed  nature  of  the  bedding  within  the  flute-cast  proves  that 
this  represents  a  simple  filling  of  a  negative  feature,  and  that  no  move¬ 
ment  has  taken  place  within  the  greywacke  since  its  deposition  in  those 
laminae.  At  higher  levels  the  greywacke  is  ripple-bedded,  the  ripples 
indicating  a  current  flow  similar  to  that  inferred  from  the  orientation 
of  the  flute-casts.  Structure  is  difficult  to  discern  in  the  shale  below 
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the  flute-cast  surface,  but  some  fine  lamination  indicates  that  the  shale 
is  puckered  up  into  the  sharp  ridges  between  the  flutes.  A  specimen 
from  the  Penkill  Group  of  Girvan  shows  this  structure  to  be  especially 
pronounced  in  section  parallel  to  the  fluting  ;  where  one  flute  is 
succeeded  by  the  next  the  shale  is  in  the  form  of  a  ‘  breaking-wave  *, 
with  the  laminae  truncated  in  the  concave  side.  This  suggests  that  the 
mud-surface  was  puckered  and  fluted  by  rapid  current  flow  ;  these 
linguoid  flutes  were  then  infilled  by  coarse  sedinKnt  as  the  current  lost 
its  velocity.  If  this  velocity  fell  only  slightly,  sheet-flow  of  sand  and 
therefore  even  lamination  would  ensue  ;  with  a  further  fall  in  velocity, 
ripple-marks  would  be  formed.  This  deposit  would  seem  then  to  be 
the  product  of  a  slowly  declining  current.  The  specimens  described  by 
Kuenen  (1953,  p.  25)  in  which  a  ripple-bedding  immediately  succeeds 


Text-fio.  1. — Plan  and  section  of  a  typical  flute-cast  surface,  Aberystwyth 
Grits  (Silurian),  Central  Wales.  The  arrow  indicates  the  direction 
of  supply  of  sediment. 

the  flute-cast  surface,  would  appear  to  represent  a  much  more  rapid 
loss  of  speed. 

III.  Flow-casts 

The  Cockington  Beds,  a  series  of  greywackes  and  shales  of  Ammanian 
age,  in  the  Culm  Series  of  North  Devon,  show  structures  which  clearly 
belong  to  the  category  flow-cast  as  described  by  Shrock.  These 
structures  occur  in  beds  ranging  from  coarse  siltstone  to  moderately 
coarse  sandstone.  In  many  cases  the  difference  in  grain-size  between 
the  sediment  above  and  below  the  flow-cast  surface  is  very  slight,  the 
structure  being  picked  out  by  the  fact  that  the  underlying  sediment  has 
more  carbonaceous  matter,  so  that  it  is  darker  in  colour.  As  a  result, 
these  surfaces  do  not  weather  out  so  readily  as  those  of  flute-casts,  and 
often  appear  to  lie  completely  within  a  massive  post  of  greywacke. 
When  separate,  however,  the  flow-cast  surface  simulates  that  of  the 
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flute  cast  in  consisting  of  linguoid  markings  showing  a  preferred 
orientation  (Text-flg.  2).  The  flow-cast  may,  however,  be  distinguished 
by  the  fact  that  the  cross-section  is  less  rounded,  often  being  flattened 
or  slightly  depressed  in  the  centre  ;  by  the  occurrence  of  rounded  ends 
in  opposing  directions  (Text-fig.  2),  and  by  the  extrusion  of  siltstone 
laminae  into  the  sandstone  for  some  distance  above  the  flow-cast 
surface.  A  vertical  section  at  right  angles  to  the  long  axes  of  the  casts 
is  shown  in  Text-fig.  3  and  reveals  many  features  of  interest.  The  rock 
consists  of  an  alternation  of  fine  sandstones  and  siltstones,  the  dark 
element,  in  which  there  is  abundant  carbonaceous  material,  being 
slightly  finer  in  grade  than  the  light.  The  basal  laminae  (Text-fig.  3a), 
less  than  5  mm.  below  the  flow-cast  surface,  show  no  disturbance  ;  at  b 
slight  puckering  occurs,  and  the  beds  of  the  next  few  millimetres  are 
strongly  contorted.  They  consist  of  a  thick  lamina  of  dark  sandstone 


Text-fio.  2. — Plan  and  section  of  a  typical  flow-cast  surface,  C^kington, 
Beds  (Ammanian),  Westacott  Cliff,  North  Devon.  The  arrow 
^  indicates  the  direction  of  supply  of  sediment. 

(lext-fig.  3,  c)  upon  which  rests  the  lighter  material.  The  dark  sediment 
has  been  deeply  folded  in  with  the  light,  and  traces  of  the  former  occur 
up  to  20  mm.  above  the  base  of  the  flow-cast.  Near  this  base  the 
junction  between  the  light  and  dark  sediment  is  sharp,  and  the  dark 
lies  in  sharp  recumbent  anticlines  within  the  light  ;  these  folds  are 
constantly  overturned  towards  the  south.  At  their  bases  are  detached 
masses  of  the  fighter  material  (Text-fig.  3,  d).  The  sharp  junction 
between  the  two  types  of  sediment  becomes  progressively  more  diffuse 
as  it  is  traced  upwards  and  at  about  20  mm.  up  it  becomes  difficult  to 
discern  the  line  of  junction.  At  about  10  mm.  from  the  base  occurs  a 
series  of  flat-lying  sheets,  apparently  extreoKly  attenuated  folds  of  dark 
material  enclosed  in  light.  Above  20  mm.  it  is  not  possible  to  see  any 
structure,  whilst  at  SO  mm.  distinct  grading  becomes  apparent  and 
there  is  a  progressive  decrease  in  grain  size  so  that  the  bed  terminates 
in  a  thin  leaf  of  shale. 

There  seems  little  doubt  that  there  is  continuity  in  sedimentation 
from  the  flow-cast  base  to  the  shale  bed  at  the  top.  At  the  base  the 
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two  types  of  sediment  behave  as  though  they  were  partially  consoli¬ 
dated  before  rnovement  began  ;  up  to  20  mm.  plastic  flow  seems  to 
have  taken  place,  whilst  above  this  the  complete  intermixture  suggests  a 
fluid  suspension.  The  final  grading  is  indicative  of  settling  in  condi¬ 
tions  of  comparative  quiet.  Clearly  movement  must  have  taken  place 
after  deposition  of  at  least  the  lower  part  of  the  bed,  and  probably 
whilst  the  middle  was  in  a  state  of  semi-consolidation.  On  the  basis 
of  turbidity  current  hypothesis  it  would  seem  possible  to  explain  the 
structure  as  a  single  unit  of  sedimentation.  The  depositing  current  had 


Text-fio.  3. — Section  of  strata  above  and  below  a  flow  cast,  Cockington. 
Stippling  indicates  darker  sediment,  not  grain-size.  For  explanation 
of  letters  a — d,  see  text. 


lost  its  power  to  carry  coarse  sand,  so  that  its  lower  part  consisted  of  a 
dense  mass  of  settling  material,  the  base  of  which  was  almost  solid. 
Movement  in  this  solid  base  would  be  in  the  form  of  slow  flowage  ; 
above  this  the  movement  would  be  more  plastic,  whilst  at  the  top 
deposition  of  a  graded  bed  could  take  place  in  the  normal  way.  If 
this  explanation  is  correct,  flow-casts  are  the  product  of  currents  of  a 
much  less  velocity  than  those  which  formed  the  flute  casts. 

An  alternative  explanation  which  does  not  invoke  a  turbidity  current, 
supposes  that  the  sediments  were  deposited  on  a  slope.  The  load 
imposed  upon  the  consolidating  basal  member  caused  the  whole  series 
to  slide  down  the  slope  for  a  sufficient  distance  to  crumple  its  base  and 
to  cause  swirling  within  the  upper  layers.  On  this  hypothesis,  the  upper 
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graded  bed  at  the  top  would  represent  the  settling  of  the  dense  cloud 
of  sediment  generated  by  movement  of  the  underlying  layers. 

The  attribution  of  flow-cast  structures  to  the  action  of  turbidity 
currents  is  supported  by  experiments  conducted  by  Kuenen  and 
Menard  (1952).  In  sediments  produced  by  small-scale,  artificially 
generated  turbidity  flows,  they  found  structures  which  showed  the 
characteristic  “  breaking-wave  inclusions  of  silt  and  clay  in  super¬ 
incumbent  sand.  It  is  noteworthy  that  the  anticlines  in  almost  all  cases 
were  bent  over  in  a  downstream  direction  ;  structures  were  found  at 
depths  of  several  centimetres  below  the  surface  upon  which  the  current 
flow  was  acting.  Figures  5  and  6  of  these  authors  in  particular  show 
a  remarkable  resemblance  to  the  flow-cast  structures  here  described  ; 
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Text-fio.  4. — Orientation  diagram ;  Cockington  Beds 
Westacott  Cliff,  North  Devon. 


(Ammanian), 


the  upper  diffuse  layer  being  foimed  at  the  base  of  the  turbid  flow, 
whilst  the  lower  structures,  whose  boundaries  are  more  clearly  defined, 
were  partially  consolidated. 

l.amont  (1938,  1941)  has  described  similar  structures  under  the 
name  of  “  antidunes  ”  from  the  Lower  Carboniferous  of  Ireland.  The 
term  “  antidune  ”  was  coined  by  Gilbert  (1914,  p.  32)  to  describe  ripple 
structures  which  develop  in  sand  when  water  flows  over  it  at  a  high 
velocity.  They  differ  from  ordinary  ripples  in  that  sand  is  eroded  on 
the  downstream  face  and  deposited  on  the  upstream  side,  so  that  the 
waves  travel  upstream.  Bucher  (1919,  p.  165)  in  consequence  called 
them  “  regressive  sand-waves  ”.  It  seems  clear,  however,  that  Lamont’s 
figures  of  “antidunes”  (e.g.  1941,  Fig.  9c)  are  based  on  a  miscon¬ 
ception  ;  as  observed  in  modem  rivers,  they  have  long  wavelength  and 
low  amplitude,  and  do  not  show  a  concavo-convex  profile.  Moreover, 
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they  are  extremely  short-lived  and  unstable,  and  their  preservation  in 
fossil  form  would  seem  to  be  extremely  unlikely. 

Some  authors  (e.g.  Kopstein  1954,  p.  40)  have  stated  that  the 
structures  here  called  flow-casts  have  no  orientation.  Whilst  this  is 
undoubtedly  true  on  occasion,  the  examples  studied  by  the  author  show 
a  clearly  defined  parallel  orientation  over  many  square  yards  of 
bedding-plane  surface.  The  direction  of  movement  of  the  beds  is 
clearly  displayed  :  in  sections  at  right  angles  to  the  long  axes  of  the 
flow-casts  the  “  anticlines  "  in  both  basal  and  middle  layers  are  clearly 
overturned  ;  in  sections  parallel  to  the  long  axes,  these  structures  in 
the  middle  diffuse  layers  are  vertical,  whilst  in  the  basal  layers  the 
anticlines  are  symmetrically  arranged.  This  could  only  occur  if  flow 
were  at  right  angles  to  the  long  axes  ;  any  section  which  is  not  normal 
to  the  direction  of  flow  would  surely  show  bending  of  the  anticlines 
in  a  constant  direction.  This  conclusion  accords  well  with  other 
directional  indications  fin  strata  above  and  below  ;  ripple-marking  in 
adjacent  strata  has  crest-lines  which  are  parallel  to  the  flow-casts. 
This  relationship  is  clearly  brought  out  by  Text-fig.  4  ;  the  two 
“  bundles  ”  of  ripple-crest  lines  are  measured  on  two  groups  of  strata 
approximately  SO  feet  apart  ;  in  each  case  the  flow-cast  direction 
coincides  with  the  general  trend.  The  direction  of  sediment  supply  is 
shown  to  be  north-westerly  by  the  ripple-bedding.  It  is  noticeable  that 
the  “  anticlines  ”  of  the  flow-cast  base  are  overturned,  as  might  be 
expected,  towards  the  south-east,  though  it  should  be  observed  t!iat 
the  structures  in  the  higher  layers  of  the  rock  show  no  such  preference. 

The  author  wishes  to  thank  Professor  J.  H.  Taylor,  who  first  stimu¬ 
lated  his  interest  in  these  structures,  and  who  has  kindly  read  and 
criticized  the  manuscript  of  this  paper.  The  studies  in  North  Devon 
are  part  of  a  major  stratigraphic  revision  aided  by  a  grant  from  the 
Central  Research  Fund  of  the  University  of  London,  whose  assistance 
the  author  gratefully  acknowledges. 
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The  Origin  and  Significance  of  Boudinage 
By  N.  Rast 
Abstract 

The  history  of  ideas  on  boudinage  is  outlined,  and  observations 
in  Perthshire  are  described.  Some  implications  of  the  “  necking 
hypothesis  "  are  examined. 

Nomenclature 

The  structure  known  as  boudinage  was  noticed  as  long  ago  as  1866 
by  Ramsey  (1866)  and  Marker  (1889),  but  the  first  comprehensive 
descriptions  are  due  to  Renard  (1909)  and  Lohest  (1909),  who  made 
their  detailed  observations  in  Belgium. 

The  classical  localities  in  Belgium  provided  the  material  for  further 
descriptions  of  boudinage  by  Corin  (1932)  and  Wegmann  (1932). 
There  the  structure  consists  of  a  series  of  segments  of  quartzite  elongated 
in  the  direction  of  strike,  each  of  the  segments  possessing  a  barrel¬ 
shaped  cross-section.  The  general  continuity  of  the  segments  leaves  no 
doubt  that  they  were  all  originally  portions  of  an  entire  bed  of  quartzite, 
probably  of  uniform  thickness.  Neighbouring  segments  or  “  boudins  ” 
are  frequently  isolated  one  from  the  other  by  quartz  veins,  which  do 
not  continue  into  the  adjacent  rocks.  Renard  thought  that  these  were 
primary  diagenetic  structures  and  called  them  the  **  hlons  primaires 
Lx>hest,  however,  discovered  that  they  are  associated  with  metamor- 
phic  minerals  and  suggested  a  secondary  origin  of  the  veins.  An 
association  of  such  barrel-shaped  cross-sections  has  been  called  a 
“chapclet  d’osselets”  by  Corin  (1932).  The  adjacent  shales  accom¬ 
modate  themselves  to  the  thickenings  and  thinnings  produced  by  the 
boudins  and  occupy  the  embayments  between  the  neighbouring  seg¬ 
ments.  A  general  extension  was  held  to  be  responsible  for  the  structure. 

Carrying  out  observations  into  granite  terrains,  Wegmann  (1932) 
concluded  that  the  space  separating  any  two  boudins  enlarges  as  the 
process  continues. 

Recently,  there  has  been  a  tendency  to  apply  the  term  “  boudin  ”  to 
any  isolated  body  which  has  been  held  to  be  formed  by  the  tectonic 
disruption  of  any  originally  more  or  less  extensive  layer  (see  McIntyre 
19S1 ).  Such  a  wide  use  appears  to  be  undesirable,  and  in  fact  obscures 
the  different  modes  of  origin  of  such  bodies.  It  is  proposed  to  call  all 
such  bodies  by  a  general  name  of  “  tectonic  inclusions  ”,  a  term  to 
which  “  boudin  ”  was  held  to  be  synonymous  by  McIntyre. 

Discontinuous  bodies  of  more  competent  rocks,  such  as  quartzite  or 
amphibolite  are  very  frequent  in  metamorphic  terrains.  Internally 
these  bodies  show  a  diversity  of  structure  to  which  not  much  attention 
has  hitherto  been  paid.  The  outcrops  of  Dalradian  rocks  bet>vecn 
VOL.  xcm — NO.  3.  33 


Kinlod)  Rannoch  (662387)^  and  Dunalastair  (692515)  (Perthshire) 
show  a  large  number  of  such  **  tectonic  inclusions  ”,  which  are  essen¬ 
tially  of  three  types. 

1.  Relicts  of  folds  or  fold  closures  (Fig.  la  &  b).  In  this  type  the 


Text-fk).  I. — Diagrammatic  sketches  of  tectonic  inclusions, 
a  &  b — Relicts  of  folds, 
c— Contorted  relict. 

d — Tectonic  inclusion  of  intermediate  character, 
e — Boudin. 

Quartzites  are  dotted  ;  schists  in  dashes  ;  amphibolites  in 
crosses  ;  quartz  veins  in  solid  black.  The  dash  ornament  represents 
the  trace  and  P  the  plane  of  schistosity.  Arrow  A  indicates  the 
plunge  of  the  local  folds  and  A'  the  direction  of  maximum  elonga¬ 
tion  of  inclusions  (and  boudins).  Dotted  lines  are  arbitrary 
boundaries.  Lithologies  and  scales  according  to  the  average  types 
found  in  the  area. 


schistosity  of  the  surrounding  less  competent  medium  is  axial  planal 
and  the  longest  dinKnsion  of  the  relict  is  parallel  to  the  fold  axis. 
Extensive  movements  on  the  planes  of  schistosity  and  the  consequent 
shearing  out  of  the  limbs  accounts  for  this  type.  Occasionally  portions 

^  Figures  in  brackets  are  the  national  grid  numbers  referring  to  localities 
on  one-inch  map  of  Scotland,  sheet  61,  “  Popular  Edition.” 
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of  the  limbs  are  also  pi^^rved  as  separate  relicts.  That  these  folds 
started  by  flexure  mechanism  is  obvious  from  such  forms  as  shown  on 
Fig.  lb. 

2.  Contorted  relicts  around  which  the  schistosity  of  the  surrounding 
medium  is  deflected  (Fig.  Ic).  Such  forms  have  the  shape  of  an  **  eye  ** 
with  the  longest  dimension  roughly  at  right  angles  to  the  axis  of  the 
contortion  and  parallel  to  the  elongation  of  the  **  eye  Extensive 
rotation  of  the  contortion  and  the  absence  of  elongation  in  the  axial 
direction  seems  to  indicate  that  they  are  neither  morphologically  nor 
genetically  connected  with  boudins  proper. 

Very  occasionally  some  tectonic  inclusions  (Text-fig. Id)  are  mor¬ 
phologically  intermediate  between  the  two  types  described  above. 

3.  The  last  and  on  the  whole  less  frequent  type  of  tectonic  inclusions 
in  the  area  has  an  imperfect  oval  (Text-fig.  le)  or  lozenge  shaped  cross 
section.  This  elongation  is  normally  parallel  to  the  axes  of  local  folds. 
When  the  inclusion  possesses  internal  schistosity,  such  schistosity  tends 
to  follow  the  outlines  of  the  iiKlusion. 

It  is  practically  self-evident  that  the  first  two  types  are  compressional 
structures,  whereas  the  proper  boudins  are  generally  admitted  to  be 
tensional.  Consequently,  only  inclusions  of  the  third  type  will  be 
called  “  boudins 

Varieties  of  Boudinage  Observed  in  Perthshire 

Numerous  observations  made  by  the  author  indicate  that  in  Perth¬ 
shire  Highlands  there  occur  at  least  two  main  morphogenetic  varieties 
of  boudinage. 

(a)  Barrel-shaped  variety. — In  the  large  area  of  Cam  Mairg  quartzite 
north  of  Kinloch  Rannoch  (662S87)  there  are  many  exposures  showing 
boudinage.  A  few  of  these  are  selected  for  illustration. 

The  quartzite  is  in  places  quite  schistose  and  flaggy.  Lithologically 
it  often  approximates  to  the  more  schistose  types  of  the  Moine  granu- 
lites.  North  of  Meall  Dubh  house  and  near  to  an  electricity  pylon 
(6S6S91)  the  typical  boudins  have  elongated  barrel  shaped  cross- 
sections.  The  internal  schistosity  is  parallel  to  the  outer  surface  of  the 
boudin  and  at  the  edges  it  is  sharply  pinched  in.  Any  two  boudins  are 
normally  separated  by  a  quartz  vein,  which  occasionally  sends  off¬ 
shoots  into  the  adjacent  boudins,  though  not  into  the  more  pelitic 
material,  which  is  often  oblique-jointed  (Text-fig.  2a).  This  type  of 
boudinage  is  not  necessarily  restricted  to  the  cases  where  the  medium 
surrounding  the  boudins  is  more  pclitic.  Thus,  half  a  mile  from  the 
last  locality  (at  662601)  a  pink-hearted  quartzite  with  very  thin  mica¬ 
ceous  layers  and  intense  internal  folding  is  boudined.  In  either  case 
the  boudins  are  not  widely  separated  and  may  not  be  separated  at  all 
(Text-fig.  2b).  At  most  the  separation  is  of  the  order  of  thickness  of 
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the  boudins.  Where,  however,  incipient  boudins  are  defined  only  by  a 
collar  with  no  disruption  of  the  outer  surface  of  the  layer,  a  crack  filled 
normally  by  quartz  occurs  within  the  layer.  The  quartz  vein  must  have 
been  produced  as  a  result  of  deformation,  but  it  is  not  likely  that  at  any 
time  during  the  deformation  an  empty  cavity  existed  within  the  rock. 
All  stages  in  the  disruption  of  a  continuous  layer  may  be  observed  in 
the  Central  Highlands. 


TexT'Fio.  2.  Varieties  of  Boudinage. 
a — Boudinage  (at  6S6591). 

b — Cross-Section  of  incipient  boudinage  (at  662601). 
c — Stages  in  evolution  of  lozenge-shap^  boudins  in  Banded  Group, 
d — Isolated  lozenge-shaped  boudins  in  Banded  Group, 
e — Tectonic  inclusions  of  various  types,  from  Banded  Group. 
(Symbols  and  ornaments  as  in  Fig.  1). 

(b)  Lx>zenge-shaped  variety. — ^This  is  exemplified  in  a  series  of  ex¬ 
posures  in  the  Banded  Group,  south  of  Lassintullich  (697566).  The 
Banded  Group  consists  of  a  series  of  quartzose  and  schistose  layers 
often  intricately  folded  and  showing  signs  of  more  than  one  episode  of 
deformation.  The  quartzose  layers  are  often  lithologically  pure 
quartzite  and  vary  in  thickness  from  a  tenth  of  an  inch  to  several  feet. 
They  are  fragmentary,  broken  up  by  a  series  of  joints,  each  segment 
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being  ofT-set  in  relation  to  its  neighbours.  A  series  can  be  arranged 
(Text-fig.  2c)  from  layers  without  off-setting  to  layers  in  which  there  is  a 
complete  separation  of  fragments.  In  its  initial  stages  sheared  rhom¬ 
boids  are  obviously  different  from  the  boudins  with  the  barrel-shaped 
cross-section,  but  when  they  becouK  completely  separated  the  super¬ 
ficial  likeness  to  the  barrel-shaped  variety  is  close.  At  this  stage  seg¬ 
ments  are  frequently  united  by  a  quartz  vein  of  limited  extent. 

The  essential  difference  between  lozenge-shaped  and  barrel-shaped 
boudins  is  that,  with  the  former,  rotation  of  individual  segments, 
utilizing  the  joints  as  surfaces  of  slip,  takes  place  while  with  the  latter 
the  joints  have  no  such  role  and  rotation  does  not  occur.  Moreover, 
it  is  commonly  possible  to  trace  the  lozenge  shaped  variety  to  a  stage 
in  which  the  segments  of  quartzite  are  entirely  isolated,  but  still  preserve 
their  rhomboidal  form,  although  sometimes  with  rounded  comers 
(Text-fig.  2d).  The  same  exposures  often  show  other  tectonic  in¬ 
clusions  (Text-fig.  2e).  These  bodies  have  quite  different  geometric 
forms,  and  where  at  all  elongated  they  are  often  themselves  boudined. 
Qoos  (1947)  illustrated,  but  did  not  describe  the  lozenge-shaped 
boudinage. 

Most  of  the  boudins  in  Central  Perthshire  have  their  elongation 
parallel  to  the  trend  of  the  axes  of  the  local  minor  folds.  Several 
notable  exceptions,  however,  exist  where  the  boudins  are  demonstrably 
oblique  to  the  axes  of  minor  folds.  For  example  at  the  locality  662601 
the  axes  of  the  minor  folds  and  “  corduroy  structure  ”  (See  Bailey  and 
McCallien  1937,  p.  103)  are  plunging  25°  E.  of  N.  at  4°  and  are  tra¬ 
versed  by  the  axes  of  boudinage  plunging  5°  N.  of  W.  at  33°.  On  the 
other  hand  boudinage  with  axes  parallel  to  the  tectonic  trends  also 
exists  nearby,  indicating  that  local  folding  and  boudinage  were  syn- 
kinematic. 


Theories  of  Formation  of  Boudinage 

The  consensus  of  modem  opinion  of  the  origin  of  boudinage  regards 
it  as  due  to  the  extension  of  the  competent  layers  within  an  incompetent 
environment.  The  most  profound  analysis  is  due  to  Wegmann  (1932). 
He  pointed  out  that  even  during  folding  by  compression,  individual 
segments  are  actually  dmwn  away  from  one  another  with  extension,  of 
hard  (competent)  layers  as  a  whole.  He  thought  that  the  boudins  are 
only  sometimes  parallel  to  the  axes  of  folds  and  in  fact  referred  to  a 
case  in  Belgium  where  two  trends  of  boudinage  are  present,  forming 
what  he  calls  a  “  chocolate-tablet  ”  structure.  To  account  for  the 
ban'el-shaped  appearance  he  postulated  an  extension  by  intergranular 
mo^’ement  of  the  outer  surfaces  of  the  segnients  where  they  are  adjacent 
to  the  more  plastic  and  mobile  (incompetent)  rock.  The  movements 
within  this  plastic  medium  affect  the  outer  surface  of  the  segments  more 
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than  they  do  the  inner  portions  which  remain  correspondingly  more 
rigid.  Such  a  mechanism  produces  at  the  nodes  of  two  boudins,  a 
potential  cavity  which  is  the  locus  of  accumulation  of  the  vein  quartz 
or  in  migmatized  areas  of  quartz-felspathic  pegmatite. 

Qoos  (1947)  unlike  Wegmann  did  not  emphasize  the  tectonic  ex- 


TexT'FK}.  3.  Interpretation  of  Boudinage. 

a — Boudinage  occurring  in  a  fold  (after  Cloos). 
b — Boudinage  occurring  in  a  recumbent  fold  (after  Gindy). 

(Profile). 

c — Diagranmutic  representation  of  stages  in  evolution  of  lozenge- 
shaped  boudins.  Increase  in  distance  (I,  T,  1')  between  the 
nodes  indicates  a  general  stretching.  (Only  cross-sections  are 
shown). 

d  and  e — Diagram  of  the  effect  of  tension  (T)  on  sheets  of  ductile 
steel  of  different  dimensions  (t  and  w).  After  Nadai. 

(Ornament  as  in  Text-fig.  I). 

tension  of  the  medium  as  a  whole.  He  thought  that  the  main  factor  is 
the  relative  movement  of  the  surrounding  more  plastic  beds  during  the 
flexure  folding  (Text-fig.  3a)  and  that  the  slip  on  the  bedding  planes 
would  induce  the  phenomenon.  Undoubtedly,  this  effect,  as  pointed 
out  by  Holmquist  (1932)  has  its  importance.  The  defect  of  the 
generalization,  however,  becomes  obvious  when  the  boudineid  layer 
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is  involved  not  only  in  one  isolated  flexure,  but  in  a  series  of  folds. 
In  such  a  case  extension  along  the  limbs  should  not  be  accompanied  by 
extension  at  the  crests. 

There  is,  however,  ample  recorded  evidence  (e.g.  Gindy,  1952, 
p.  385,  Text-fig.  3b)  where  a  uniform  extension  of  a  layer  on  the  limbs 
and  the  crest  alike  is  evident  (Text-fig.  3b). 

A  further  elaboration  of  Wegmann’s  and  Qoos*  postulates,  such  as 
is  presented  here  under  the  heading  of  “  The  Necking  Hypothesis  ”,  is 
necessary  to  explain  the  varieties  and  trends  of  boudinage. 

The  Necking  Hypothesis 

The  difference  in  behaviour  between  the  barrel-shaped  and  the 
lozenge-shaped  boudinage  could  be  explained  in  terms  of  differences 
between  the  mechanical  properties  of  boudined  material  in  relation  to 
the  enclosing  rocks.  When  the  boudined  rock  is,  in  relation  to  the 
incompetent  medium,  effectively  rigid,  it  will  develop  joints  in  the  early 
stages  of  deformation.  At  the  same  time,  the  large  differences  of 
plasticity  will  automatically  create  shearing  stresses  in  the  sense 
postulated  by  Cloos  (1947).  If  the  joints  are  not  at  right  angles  to  the 
layer,  such  shearing  stresses  will  rotate  each  segment  as  the  extension 
proceeds  ;  the  segment  continuously  using  the  joints  as  slip  planes 
(Text-fig.  3c).  The  inferred  rigidity  of  the  segments  is  supported  by 
the  insignificant  change  in  the  shape  of  each  individual  throughout  the 
deformation.  On  the  other  hand,  when  the  boudined  material  is  only 
slightly  less  plastic  than  the  milieu,  the  outer  surface  of  it  will  behave  in 
harmony  with  the  surrounding  medium  (Text-fig.  2a)  and  the  rotational 
stresses  will  be  small.  The  behaviour  of  such  plastic,  boudined  layers 
is  analogous  to  that  of  sheets  and  flat  bars  of  ductile  steel  subjected  to 
tension  by  rolling.  These  bars  begin  to  yield  not  by  a  sudden  tensional 
crack  but  via  a  process  known  to  engineers  as  “  necking  ”.  In  other 
words,  the  initial  yield  is  plastic,  a  zone  of  thinning  being  developed 
across  the  bar.  In  a  cross-section  such  a  bar  is  strongly  reminiscent 
of  barrel-shaped  boudinage  (Text-fig.  3d).  Thus,  the  evolution  of  the 
barrel-shaped  boudins  can  be  visualized  in  the  following  stages  : — 

(a)  The  extension  of  the  competent  layer  accompanied  by  plastic 
deformation  or  “  necking 

(b)  Ultimate  fracture  when  extension  surpasses  the  plastic  limit. 

(c)  Separation  of  the  individual  segments  and  formation  of  tectonic 
inclusions  of  the  third  type  (see  p.  403). 

It  is  also  known  that  under  laboratory  conditions  necking  could 
happen  both  on  a  plane  (axis)  at  right  angles  to  the  direction  of  tension 
and  obliquely  to  it  (Text-fig.  3d  and  e).  In  metallurgy  this  is  found  to 
be  dependent  on  the  ratios  t/w  in  which  t  is  the  thickness  of  the  bar 
and  w  is  the  width  of  the  bar.  If  t/w  <  1/7,  then  necking  is  at  right 
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angles  to  the  direction  of  tension,  whereas  if  t/w  >  1/7  it  results  in 
oblique  necking  (see  Nadai,  1951,  pp.  316-327).  Such  a  case  indicates 
that  the  distribution  of  stresses  and  strains  within  a  rigid  material 
depends  on  its  geometric  properties  and  not  only  on  the  type  and  the 
direction  of  external  force.  It  also  provides  an  explanation  for  the 
fact  that  the  elongation  of  zones  of  necking  in  certain  boudins  is  oblique 
to  the  trend  of  local  folds,  and  to  that  of  the  external  force.  Whether 
the  distribution  of  stresses  within  the  boudined  rock  had  a  con¬ 
figuration  similar  to  that  in  the  metal  bars,  or  not,  is  difficult  to  assess  ; 
the  observations  on  the  oblique  boudins  being,  as  yet,  too  few. 
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The  Horizon  of  the  Tillery  Vein  in  Monmouthshire 
By  H.  J.  Sullivan  and  L.  R.  Mcx)RE 
Abstract 

The  discovery  of  a  hitherto  unrecorded  non-marine  lanKiiibranch 
fauna  from  the  Tillery  Vein  of  Monmouthshire  indicates  that  this 
coal  represents  a  horizon  at,  or  near,  the  juration  of  the  Phillipsii 
and  Tenuis  Zones.  The  characteristics  of  the  seam  in  a  small 
portion  of  the  North  Crop  of  the  South  Wales  Coalfield  are  described 
m  an  attempt  to  account  for  the  limited  occurrence  of  these  shells. 

I.  Introduction  and  Previous  Research 

The  following  account  deals  with  an  investigation  of  the  Tillery 
Vein  in  a  small  tract  of  country  lying  between  the  headwaters  of 
the  Afon  Lwyd  and  Ebbw  Fawr  rivers.  The  area,  which  forms  a  part 
of  the  most  easterly  portion  of  the  North  Crop  of  the  South  Wales 
Coalfield,  is  included  in  the  1-inch  Abergavenny  sheet  232,  and  is 
covered  by  the  6-inch  sheets  Monmouthshire  XI  SE  and  XVII  NE. 
This  region  was  first  surveyed  on  a  6-inch  scale  by  Walcot  Gibson  at 
the  end  of  the  last  century  and  the  results  of  this  investigation  were 
incorporated  in  the  first  edition  of  the  Geological  Survey  memoir 
on  the  Abergavenny  District,  1900.  Subsequent  revision  by  Robertson 
resulted  in  the  publication  of  the  second  edition  of  the  memoir  in 
1927.  These  early  researches,  completed  before  the  advent  of 
the  palaeontological  subdivision  of  the  Coal  Measures,  clearly 
demonstrated  the  Tillery  Vein  to  mark  an  important  position  in  the 
sequence,  occurring  at  the  junction  between  an  underlying  group  of 
coloured  beds  (later  known  as  the  Deri  Beds  (Howell  and  Cox,  1924)) 
and  the  overlying  massive  Pennant  sandstones.  The  outcrop  of  the 
Tillery  Vein  is  readily  recognizable  by  means  of  the  bold  sandstone 
scarp  above  it,  and  the  prevalence  of  land-slipping  in  the  softer  shales 
beneath.  Furthermore,  extensive  exploitation  of  the  coal  has  resulted 
in  numerous  old  workings  following  the  line  of  outcrop. 

Stratigraphically  the  Tillery  Vein  was  originally  regarded  as  the 
equivalent  of  the  No.  2  Rhondda  seam  of  more  westerly  portions  of 
the  coalfield  and  thus  utilized  to  indicate  the  ba.se  of  the  Pennant 
Sandstone  Series  in  Monmouthshire.  In  like  manner,  the  same  seam 
known  as  the  Brithdir,  in  Glamorganshire,  was  used  to  mark  the  base 
of  the  Pennant  Series  in  the  Taff  Valley.  However,  Moore  and  Cox 
(1943,  p.  218)  in  their  investigation  of  the  Coal  Measures  in  the  TafT 
Valley,  showed  the  Brithdir  Scam  there  to  be  much  higher  in  the 
sequence  than  the  No.  2  Rhondda  of  the  Rhondda  Valley.  Later,  as 
a  result  of  work  in  Monmouthshire,  the  Brithdir  or  Tillery  Seam  was 
demonstrated  to  occur  within  the  Pennant  Series  (Moore,  1947,  p.  283) 
and  was  used  to  mark  the  top  of  the  Middle  Pennant  Group  as  therein 
VOL.  xau — NO.  5.  34 
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defined.  The  evidence  for  this  restatement  of  horizon  depended  upon 
the  flora  and  fauna  of  associated  measures  and  the  flora  from  the 
Tillery  Vein.  In  no  instance  has  direct  proof  of  horizon  within  the 
non-marine  zonal  scheme  hitherto  been  obtained  from  the  Tillery 
Vein  itself.  Blundell  (1951)  remapped  the  north-eastern  part  of  the 
coalfield  and  further  recognized  the  three-fold  subdivision  of  the 


Text-ro.  1. — Sketch  map  showing  the  outcrop  of  the  Tillery  Vein  (after 
Geological  Survey)  and  localities  referred  to  in  the  text.  Lx)calities 
are  indicated  by  small  Roman  numerals,  those  yielding  fauna  are 
denoted  by  the  suffix  “  s  ”. 


Pennant  Series,  and  utilized  the  Tillery  Vein  as  marking  the  base  of 
the  Upper  Pennant  Group  within  the  area  under  present  consideration. 

The  plant  remains  associated  with  the  Tillery  Vein  have  led  both 
Moore  and  Cox  (1943,  p.  253)  and  Blundell  (1951,  p.  323)  to  refer  the 
seam  to  Floral  Zone  H.  The  stratigraphical  position  indicated  by 
the  present  discovery  of  a  fauna  together  with  a  flora  is  of  unusual 
interest,  and  it  may  be  noted  that  the  reading  of  the  horizon  given 
in  this  account  is  in  complete  accord  with  that  suggested  by  workers 
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who  had  considered  the  seam  principally  in  its  relationship  to  the 
palaeo-botanical  sequence  of  floras. 

II.  The  Palaeontological  Horizon  of  the  Tillery  Vein 

A  collection  from  the  tip  of  a  disused  airway  of  the  West  Blaina 
Red  Ash  Colliery  (Text-flg.  1,  locality  i  s)  and  situated  approximately 
250  yards  south-west  of  Ty’n-y-graig  included  the  following  plants : — 
Sphenopteris  neuropteroides  (Boul.) 

S.  cf.  obtusiloba  Brongt. 

S.  pecopteroides  Kidst. 

Renaultia  chaerophylloides  (Brongt.) 

Neuropteris  flexuosa  Stemb. 

N.  linguaefolia  Bertr. 

N.  macrophylla  Brongt. 

N.  nikolausi  Goth. 

N.  scheuchzeri  Hoff. 

Mixoneura  (Neuropteris)  ovata  Hoff. 

M.  cf.  sarana  Bertr. 

Odontopteris  lindleyana  Stemb. 

Cyclopteris  orbicularis  Brongt. 

Asterotheca  miltoni  (Art.)  (Pecopteris  abbreviata  Brongt.) 
Pecopteris  dentata  (Brongt.) 

Ptychocarpus  unitus  (Brongt.) 

Sphenophyllum  emarginatum  (Brongt.) 

Lepidodendron  lycopodioides  Stemb. 

Lepidostrobus  sp. 

Lepidophyllum  lanceolatus  L  and  H. 

Sigillariophyllum  sp. 

Bothrodendron  punctatum  L  and  H. 

Bothrodendron  sp. 

Annularia  radiata  Brongt. 

Cordaites  borassifolius  (Stemb.) 

Myriophyllites  gracilis  (Art.) 

Trigonocarpus  parkinsoni  Brongt. 

Rhabdocarpus  sp. 

This  flora  is  representative  of  a  horizon  within  Floral  Zone  H  and 
the  most  striking  feature  of  the  assemblage  was  the  abundance  of 
Neuropterideaen  remains.  The  bedding  planes  of  the  shale  were 
covered  with  fronds  of  Neuropteris  flexuosa,  Mixoneura  ovata,  and 
large  isolated  pinnules  of  N.  scheuchzeri ;  Sphenopteris  neuropteroides 
and  Asterotheca  miltoni  of  the  (Pecopteris  abbreviata)  type  were 
sometimes  common.  The  florule  maintains  its  character  throughout 
the  district  and  is  known  to  exist  on  Domen  Fawr,  a  mile  to  the 
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west  The  assemblage,  whilst  comparable  to  that  recorded  by  earlier 
workers,  is  somewhat  more  restricted  in  the  number  of  species. 

Blocks  of  blackband  shale  were  discovered  on  the  same  tip  near 
Ty’n-y-graig,  in  which  the  bedding  planes  were  densely  covered  with 
the  remains  of  Anthraconauta.  The  fauna  included : — 

Anthraconauta  spat. 

A.  phillipsii  (Williamson) 

A.  cf.  phillipsii  (Williamson) 

A.  aff.  phillipsii  (Williamson) 

A.  tenuis  (Davies  and  Trueman) 

A.  cf.  tenuis  (Davies  and  Trueman) 

A.  aff.  tenuis  (Davies  and  Trueman) 

Spirorbis  pusillus  Martin 
Ostracods. 

The  Tillery  Vein  is  nowhere  exposed  in  the  neighbourhood  so  it 
has  not  been  possible  to  ascertain  the  exact  position  of  the  blackband 
shale  with  respect  to  the  total  coal  section.  This  shale  appears  to 
reach  a  maximum  of  3  inches  and  in  some  instances,  where  large 
blocks  of  material  were  preserved,  was  found  attached  by  a  sharp 
and  well-defined  junction  to  a  greenish-grey  micaceous  sandstone 
bearing  irregular  carbonaceous  lamellae.  Qoser  examination  revealed 
evidence  pointing  to  erosion  of  the  shale  before  deposition  of  the 
overlying  and  attached  sandstone.  The  blackband  shale  passed 
imperceptibly  downwards  into  a  black  coaly  shale  in  which  the 
remains  of  Cordaites  were  abundant.  A  generalized  section  from 
plans  of  the  workings  of  the  West  Blaina  Red  Ash  Colliery  (locality 
iv  s)  shows  a  sandstone  to  be  present  in  the  parting  between  the  two 
coals  (Text-hg.  3,  ivs).  The  blackband  shale  may  either  lie  below 
this  sandstone  or  possibly  beneath  a  further  sandstone  which  occurs 
in  the  roof  of  the  top  coal.  In  the  levels  on  the  western  slopes  of 
Mynydd  Cam-y-cefn  (Text-fig.  1,  locality  iii)  the  two  coals  are 
separated  by  a  parting  of  shale  12  feet  in  thickness  (Text-fig.  3,  iii) 
and  data  obtained  from  plans  of  these  disused  workings  show  only 
the  bottom  coal  to  have  been  mined.  No  shells  were  obtained  from 
the  tip  but  a  coaly  shale  with  Cordaites  was  much  in  evidence. 

Tipped  material  brought  out  from  the  main  level  of  the  West 
Blaina  Red  Ash  Colliery  (locality  iv  s)  yielded  A.  tenuis,  A.  aff.  tenuis, 
A.  phillipsii,  A.  cf.  phillipsii.  The  lithology  of  the  shell-bearing 
sediments  was  somewhat  variable  and  was  accompanied  by  differences 
in  the  mode  of  preservation.  Small  solid  shells,  referable  to  A.  cf. 
phillipsii,  were  discovered  in  a  dark  carbonaceous  shale  streaked  with 
irregular  ribs  of  ironstone.  The  actual  shell  material  had  been 
preserved  in  those  specimens  obtained  from  a  dark  silty  shale,  whilst 
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a  buff  fissile  sandy  shale  yielded  isolated  impressions  of  A.  cf. 
phillipsii. 

Ill-preserved  shells  discovered  in  a  dark  carbonaceous  shale  on  the 
tip  of  a  disused  airway  from  the  West  Blaina  Red  Ash  Colliery 
(Text-hg.  1,  locality  iis),-  approximately  160  yards  north-north-east 
of  Blaen-y-cwm  in  the  Nant  Merddog  Valley,  included  A.  phillipsii, 
A.  cf.  phillipsii  and  A.  aff.  tenuis. 

Despite  a  careful  search  no  shells  were  found  elsewhere  within  the 
present  district  and  it  is  noteworthy  that  the  shell-bearing  sediments 
occurred  over  a  restricted  area  in  which  evidence  from  seam  sections 
indicates  a  region  of  gentle  downwarp. 

The  fauna  is  representative  of  a  horizon  at  or  very  near  the  junction 
of  the  Phillipsii  and  Tenuis  Zones.  Typical  members  of  the  assemblage 
are  illustrated  in  Text-hg.  2,  and  a  brief  account  of  the  variation 
exhibited  is  given  below. 

III.  Variation  within  the  Assemblage 

Although  the  shells  occurred  in  great  abundance,  it  was  not  possible 
to  carry  out  a  complete  statistical  analysis  of  the  whole  collection, 
which  numbered  several  hundred  specimens,  since  in  many  cases  the 
hinge-line  had  not  been  preserved  in  its  entirety.  However,  the 
percentage  ratio  of  height  to  length  has  been  calculated  together  with 
the  measurements  of  the  angle  for  a  number  of  well-preserved 
specimens  selected  as  representative  of  the  assemblage  as  a  whole. 
This  data  is  presented  in  Table  1  (p.  41 S). 

The  species,  A.  phillipsii,  was  represented  by  many  examples  which 
closely  resembled  the  holotype  (Text-hg.  2,  k,  m).  Shells  identified  as 
A.  tenuis  were  present  in  small  numbers  and  are  shown  on  the  left- 
hand  side  of  Text-fig.  2  (a,  c).  The  anterior  end  of  the  shell  2c  is 
gently  curved  and  not  pointed  as  in  typical  specimens  of  A.  tenuis. 
These  two  species  are  linked  by  a  series  of  intermediate  forms  which 
possess  some  features  characteristic  of  each  species. 

The  variants  more  closely  resembling  A.  phillipsii  make  up  a  large 
proportion  of  the  assemblage,  and  differ  from  the  holotype  principally 
in  the  values  of  the  angles  a  and  p,  the  curvature  of  the  lower  anterior 
border,  and  in  the  contour  of  the  posterior  end  of  the  shell. 
A  distinctive  member  of  the  community,  reproduced  in  Text-fig.  2i, 
shows  a  somewhat  rounded  outline  with  a  broad,  gently-curved 
posterior  margin.  It  is  particularly  noticeable  that  the  taper  of  the 
inferior  posterior  border  in  many  of  the  variants  is  less  apparent 
than  in  typical  examples  of  A.  phillipsii  (e.g.  Text-fig.  2,  g,  j).  This 
feature  was  noted  by  Dix  and  Trueman  (1931,  p.  191)  in  the  shells 
occurring  in  the  highest  part  of  the  Tenuis  Zone  in  the  west  of  the 
coalfield.  The  angle  jS  ranges  from  133'^  (Text-fig.  2Jc)  to  153° 
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(Text-fig.  2,  g,  i,  J)  with  a  greater  concentration  towards  the  higher 
value.  Some  elongate  forms  with  a  high  angle  jS  and  a  long  straight 
upper  posterior  border  are  relatively  common  but  their  anterior 
margins  and  umbonal  areas  are  seldom  preserved.  In  more  oblique 
variants  the  angle  varies  between  25°  and  30°  and  the  long  straight 


Text-fio.  2. — Typical  members  of  the  faunal  assemblage  of  Anthraconauta 
from  shales  associated  with  the  Tillery  Vein,  arranged  to  illustrate 
variation.  Identification  as  follows:  (a)  A.  tenuis,  (b)  A.  tenuis — 
young  form,  (c)  A.  tenuis,  id)  A.  aff.  tenuis,  (e)A.  cf.  tenuis — young 
form,  (/)  A.  aff.  tenuis,  (g)  A.  aff.  phillipsii,  (h)  A.  cf.  phillipsii, 
(0  A.  an.  phillipsii,  (j)A.cf.  phillipsii,  (k)  A.  phillipsii,  (/)  A.  phillipsii — 
young  form,  (m)  A.  phillipsii.  (All  hgures  natural  size.) 

Th^  specimens  have  been  placed  in  the  research  collection  of 
the  E>epartment  of  Geology,  University  of  Sheffield. 

upper  posterior  border  tends  to  run  parallel  to  the  lower  anterior 
border  (Text-hg.  2,  d,  f),  the  resultant  form  being  reminiscent  of 
A.  tenuis. 

The  smaller,  presumably  younger  stages,  show  a  wide  variation  in 
the  degree  of  obliquity.  Thus  the  shell  Text-fig.  2/  is  an  immature 

H 

form  of  A.  phillipsii  with  a  ~  ratio  exceeding  70  per  cent  while 

specimens  2b  and  2e  with  ratios  of  45  per  cent  and  54  per  cent 
respectively  are  obviously  more  related  to  A.  tenuis. 

It  would  appear  that  this  assemblage  marks  an  early  stage  in  the 
differentiation  into  two  separate  species,  for  it  differs  markedly  from 
the  assemblage  recorded  from  the  lower  horizon  represented  by  the 
Cwmdu  No.  2  coal  (Moore  and  Cox,  1943,  p.  215;  Moore,  1945, 
p.  199;  Blundell,  1951,  p.  321)  which  contained  a  predominance  of 
A.  phillipsii.  The  fauna  of  the  Cefn  Glas  Seam,  which  lies  several 
hundred  feet  above  the  Tillery  Vein,  is  characterized  by  a  larger 
proportion  of  A.  tenuis. 
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Table  1 


Shell. 

Length. 

X 

8 

Angle  p 

a 

22 

36 

156 

b 

11 

45 

140 

c 

29 

41 

155 

d 

22 

47 

158 

e 

14 

50 

147 

f 

23 

52 

157 

g 

18 

55 

155 

h 

26 

55 

147 

i 

17 

64 

155 

J 

19 

58 

150 

k 

18 

66 

135 

1 

9 

70 

137 

m 

17 

64 

139 

It  is  therefore  likely  that  the  present  assemblage  represents  a 
stratigraphical  horizon  at  or  very  near  the  junction  between  the 
underlying  Phillipsii  Zone  and  the  overlying  Tenuis  Zone. 

IV.  Characteristics  of  the  Tillery  Vein 

Unfortunately  the  Tillery  Vein  is  nowhere  exposed  within  the 
district  and  information  regarding  its  character  has  therefore  been 
compiled  from  mining  plans  and  from  sections  of  disused  workings, 
borehole  records,  and  from  local  sources.  The  data  clearly  indicate 
the  composite  nature  of  the  seam  and  illustrate  a  tendency  for 
considerable  variation  in  thickness  and  lithology,  especially  in  the 
partings  between  the  coals,  when  traced  for  small  distances  laterally ; 
a  section  showing  one  aspect  of  this  variation  in  an  approximately 
east  to  west  direction  is  represented  by  Text-fig.  3. 

Beneath  Cefn  C'ch,  Mynydd  James  and  Cefn  Crib,  to  the  east  of 
the  Ebbw  Fach  Valley,  the  Tillery  Vein  is  usually  represented  by 
three  coals,  of  which  the  bottom  one  is  the  thickest  and  the  most 
constant  (Text-hg.  3,  v,  vi,  vii,  and  ix).  The  combined  section,  while 
maintaining  a  relatively  uniform  thickness,  includes  sediments  of 
diverse  lithological  types  either  in  the  roof  or  as  partings.  The  top 
coal  may  locally  be  absent  probably  due  to  **  washout  ”  action  and 
a  massive  sandstone  rests  directly  on  the  middle  coal  (Text-hg.  3, 
viii). 

Lateral  variation  is  more  pronounced  in  the  Tillery  Vein  out¬ 
cropping  to  the  west  of  the  Ebbw  Fach  river,  but  the  absence  of 
sections  at  critical  points  prevents  an  accurate  or  complete  determina¬ 
tion  of  the  distribution  of  the  seam  over  this  area.  However,  beneath 
Mynydd  Cam-y-cefn  two  coals  are  present,  and  the  intervening  strata 
have  expanded  considerably,  as  noted  by  Robertson  (1927,  p.  1(X)) 
and  still  earlier  by  Gibson  (1900,  p.  67).  A  sandstone  reaching  a 
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maximum  of  10  feet,  occurs  between  the  coals  in  the  workings  of  the 
West  Blaina  Red  Ash  Colliery  (Text-fig.  3,  ivs),  this  sandstone 
apparently  wedges  out  in  a  short  distance  since  no  record  of  it  has 
been  found  elsewhere  in  the  vicinity.  A  parting  of  shale  12  feet  in 
thickness  is  recorded  in  the  levels  on  the  western  slopes  of  Mynydd 
Cam-y-cefn  (Text-fig.  3,  iii)  which  increases  to  20  feet  in  the  southerly 
facing  spur  opposite  Pen  crug.  On  the  eastern  and  western  flanks  of 
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Text-fio.  3. — ^Vertical  sections  illustrating  the  composite  nature  of  the 
Tillery  Vein  along  the  line  of  section  shown  in  Text-fig.  1. 
Localities:  (iii)  le^ls  on  western  slopes  of  Mynydd  Cam-y-oefn 
(Geol.  Surv.);  (ivs)  West  Blaina  Red  Ash  Colliery  (N.C.B.); 
(v)  Coedcae  Tillery  Colliery  (N.C.B.);  (vi)  Llanerch  Padara 
(N.C.B.);  (vii)  Llanerch  Padara  (N.C.B.);  (viii)  Borehole  No.  1, 
220  yd.  east  of  Gilfach  Green  (N.C.B.);  (ix)  Borehole  No.  3, 
Ffynnonau  Goerion  (N.C.B.). 

Cefn-yr-Arail  only  one  coal  has  been  worked  at  this  horizon,  with 
the  possible  exception  of  a  doubtful  record  260  yards  west  of  Rose 
Heyworth  Colliery. 

The  shells  have  been  found  at  three  localities  Oocalities  i  s,  ii  s,  iv  s) 
and  their  presence  appears  to  be  related  to  the  sudden  thickening  of 
the  parting  between  the  coals  within  this  region.  Thus  it  is  probable 
that  the  shells  occur  within  the  parting  shales  immediately  below  the 
sandstone  which  is  developed  in  some  places. 

The  evidence  suggests  the  presence  of  a  small  downwarp  which 
existed  at  the  beginning  of  Tenuis  times  and  which  was  bounded  on 
the  east  and  west  by  minor  axes.  The  southerly  limit  of  this  down¬ 
warp  was  defined  by  a  less  obvious  structure  aligned  in  a  direction  at 
right-angles  or  possibly  by  the  natural  dying  out  of  the  depression 
southwards.  Within  this  basin  conditions  were  favourable  to  the 
establishment  of  a  non-marine  fauna.  Later  infilling  by  silt  and  sands 
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brought  the  depression  again  to  the  level  of  the  surrounding  peat 
swamp  and  there  followed  a  more  widespread  period  of  coal 
formation  across  the  whole  area. 

While  the  restricted  distribution  of  the  shell-bearing  sediments  is 
thus  ascribed  to  continuous  deposition  in  a  small  basin,  lateral  facies 
change  in  these  sediments,  even  within  the  basin,  must  also  be 
invoked.  Such  an  explanation  is  favoured  to  the  alternative  solution 
which  would  involve  erosion  and  subsequent  unconformity  at  this 
horizon. 
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Notes  on  the  Cheiniracea  and  Phacopacea 
By  J.  T.  Temple 
Abstract 

The  cephalic  characters  which  the  post-Cambrian  trilobite 
families  Encrinuridae,  Pliomeridae,  Cheiruridae,  and  Phacopidae 
have  in  common  are  discussed,  together  with  others  which  illustrate 
the  distinctness  of  the  Phacopidae.  The  importance  of  growth-rate 
studies  is  emphasized,  particularly  with  reference  to  the  frontal 
lobe  of  the  glabella.  The  Calymenidae  share  most  of  the  features 
conunon  to  the  Cheiniracea  and  Phacopacea,  and  are  considered 
to  be  closely  related  to  them,  and  the  Odontopleuridac  also  share 
certain  features.  The  possibly  neotenous  origin  of  the  Cheiniracea 
and  Phacopacea  is  discussed. 

Introduction 

The  close  relationship  between  the  Encrinuridae,  Pliomeridae,  and 
Cheiruridae  has  long  been  recognized  (Barrande,  1852,  p.  340; 
Salter,  1864,  p.  2),  and  the  families  have  been  grouped  by  Opik  into 
a  superfamily,  the  Cheiniracea  (1937,  p.  93).  The  Phacopidae,  although 
evidently  also  related  to  these  families  (Salter,  loc.  cit. ;  Schmidt,  1881, 
p.  119  ;  Richter,  1932),  are  comparatively  homogeneous  and 
conservative,  and  have  been  justifiably  set  off  as  an  equivalent  super¬ 
family,  the  Phacopacea  (Opik,  loc.  cit.;  Henningsmoen,  1951,  p.  203). 
Nevertheless,  the  two  superfamilies  have  several  characters  in  common 
(contrast  the  views  of  Stubblefield,  1936,  p.  436,  footnote  no.  4,  and 
more  recently  Hup6,  1953,  p.  237).  These  characters  are  not  present 
in  all  members  of  the  superfamilies,  but  their  occasional  absence 
seems  to  be  secondary.  There  are  also  distinguishing  characters  which 
differentiate  the  constituent  families  from  each  other. 

Common  Characters 

The  following  features  seem  to  be  primitively  common  to  the 
Encrinurids,  Pliomerids,  Cheirurids,  and  Phacopids. 

1.  Proparian  facial  sutures.  (Salter,  loc.  cit.;  Beecher,  1897,  p.  198.) 

The  great  majority  of  the  members  of  all  four  families  have 
unequivocally  proparian  facial  sutures,  the  condition  being  often 
accentuated  by  the  presence  of  a  fixi-genal  spine.  The  status  of 
several  early  Cheiruracea  in  which  there  is  no  such  spine  is  rather 
uncertain,  for  in  these  forms  the  posterior  branch  of  the  facial  suture 
is  very  close  to  the  genal  angle,  and  is  actually  within  it  in  Placoparia 
grandis  (Barrande,  1872,  pi.  8,  fig.  43)  which  is  therefore  strictly 
opisthoparian.  Facial  sutures  are  lacking  altogether  in  most  species 
of  Dindymene  and  in  Areia  (unless  what  is  taken  to  be  the  cephalon 
of  the  latter  is  only  the  cranidium). 
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2.  Absence  of  a  pre-glabellar  field.  (Hupc,  1953,  p.  159.) 

In  all  the  families,  even  in  the  earliest  members,  the  glabella  reaches 
forward  to  the  anterior  border  of  the  cephalon,  from  which  it  is 
separated  by  a  furrow  (which  may,  however,  be  reduced)  that 
represents  both  the  anterior  bolder  furrow  and  the  pre-glabellar 
furrow.  There  is  thus  no  separate  pre-glabellar  field.* 

3.  Absence  of  terraced  lines  on  the  doublure.  (Barrande,  1852,  p.  244.) 

Terraced  lines  are  almost  universally  absent,  the  ventral  surfaces  of 
the  doublures  being  always  either  smooth  or  ornamented  only  with 
granules  or  tubercles.  The  only  exceptions  *  appear  to  be  some 
Devonian  Phacops  which,  as  was  noted  by  Barrande,  develop  incipient 
terracing  on  the  cephalic  doublure  (1852,  pi.  21,  fig.  12;  R.  and  E. 
Richter,  1926,  pi.  10,  fig.  92a). 

4.  Anterior  pits  in  the  axial  furrows  near  the  frontal  lobe  of  the  glabella. 

Anterior  pits  are  so  widespread  among  Encrinurids,  Pliomerids,  and 
Cheirurids  that  their  occasional  absence  is  evidently  secondary.  They 
are  missing,  however,  in  most  Phacopids,  except  for  some  Ptery- 
gometopinae  and  immature  stages  of  Dalmanitina. 

5.  Pitting  on  the  cephalic  cheeks.  (Schmidt,  1881,  pp.  119,  197; 

Warburg,  1925,  p.  75.) 

Pitting  on  the  cheeks  is  most  characteristic  of  the  Cheirurids  and 
Pliomerids.  It  is  present  also  in  many  Encrinurids,  although  often 
masked  by  excessive  tuberculation,  but  has  been  lost  in  most 
Phacopids;  in  Dalmanitina  it  is  best  developed  in  the  young  stages. 

6.  Similarities  in  early  growth-stages.  (Whittington,  1954,  p.  196.) 

The  ontogenies  of  several  proparian  genera  have  been  described: 
Protopliomerops  and  Pseudocybele  from  the  Lower  Ordovician  (Ross, 
1951a  and  b)\  Holia,  Acanthoparypha,  Sphaerexochus,  and  Ceraurinella 
from  the  Middle  Ordovician  (Whittington  and  Evitt,  1954);  Dalmani¬ 
tina  from  the  Upper  Ordovician  (Barrande,  1852,  pi.  26;  Temple, 
1952).  The  anaprotaspis  is  known  in  Protopliomerops  and  Pseudocybele 
only,  but  the  metaprotaspis  has  been  found  also  in  Acanthoparypha 
and  Dalmanitina.  At  the  metaprotaspid  stage  there  are  a  number  of 
similarities  such  as  the  shape  of  the  glabella,  position  of  the  palpebral 

*  The  terms  anterior  border  and  pre-glabellar  field  are  very  loosely  applied 
in  current  literature.  They  are  interpreted  here  according  to  the  usage  of 
the  late  Dr.  Warburg  (1923,  text-fig.  1). 

*  Schmidt  (1881,  pi.  ix,  fig.  2)  has  tentatively  associated  with  Nieszkowskia 
variolaris  (Linnarsson)  a  free  cheek  showing  terraced  lines  on  the  doublure : 
the  attribution  may  be  doubted. 
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lobes  and  of  the  anterior  pits  (if  these  are  already  developed),  and 
pitting  on  the  cheeks.  These  rather  general  resemblances,  however, 
are  of  doubtful  significance,  for  many  of  them  are  shared  also  with  the 
metaprotaspides  of  other  trilobites.  There  is,  though,  one  remarkable 
similarity  in  the  presence  of  two  lateral  spines  in  addition  to  the 
genal  spine  springing  from  each  fixed  cheek.  Such  spines  are  present, 
either  at  this  stage  or  during  the  early  meraspid  period,  in  all  the 
proparian  genera  described  except  Ceraurinella  and  Dalnuinitina,  and 
have  also  been  found  in  immature  Ceraurus  (Kielan,  19SS).  They  are 
very  reduced  or  absent  in  the  adults. 

Each  of  these  six  features,  with  the  possible  exception  of  the  spines 
on  the  fixed  cheeks,  is  developed  also  in  other,  quite  different,  groups 
of  trilobites.  It  is  their  constant  combination  that  characterizes  the 
proparian  families. 


Differentiatino  Characters 

The  individual  families  of  the  Cheiruracea  and  Phacopacea  are 
distinguished  from  each  other  by  a  number  of  characters  in  which 
specialization  has  proceeded  independently,  although  occasionally 
convergently.  Many  of  these  characters  illustrate  the  distinctness  and 
homogeneity  of  the  Phacopids,  and  support  the  classification  (into 
two  superfamilies)  adopted  by  earlier  authors. 

1.  Shape  of  the  glabella  and  position  of  the  anterior  pits. 

The  glabellas  of  the  four  families  may  be  conveniehtly  analysed  in 
terms  of  the  development  of  the  adult  frontal  lobe  relative  to  the 
other  glabellar  segments,^  for  the  latter,  although  never  identical,  are 
usually  similar  to  each  other  in  size  and  shape,*  while  the  frontal  lobe 
is  distinguished  from  them  in  some  way  or  other.  In  order  to  discuss 
the  development  of  the  frontal  lobe  it  is  necessary  to  know  its  limits 
exactly,  and  in  general,  unlike  those  of  the  other  segments,  only  the 
posterior  limit  appears  to  be  precisely  determined — by  the  third 
glabellar  furrows.  It  seems  likely,  however,  that  the  anterior  pits  of 
the  Cheiruracea  and  Phacopacea  can  be  considered,  as  Opik  (1937) 

*  The  term  segment  is  not  used  here  in  a  strict  metameric  sense,  and  while 
the  frontal  lobe  and  other  glabellar  segments  are  treated  as  comparable 
morphological  units,  it  is  not  implied  that  they  are  metamerically  equivalent. 

*  The  glabellar  stalk  (the  glabella  exclusive  of  the  frontal  lobe)  is  therefore 
approximately  rectangular  irrespective  of  the  shape  of  the  frontal  lobe,  and 
its  relative  dimensions  do  not  vary  much.  In  order  to  compare  the  absolute 
sizes  of  forms  in  which  the  frontal  lobe  is  differently  developed — for  instance 
a  Phacopid  and  a  Pliomerid — the  length  of  the  stalk,  which  is  directly 
comparable,  is  a  better  criterion  than  the  total  length  of  the  glabella.  This 
applies  especially  to  the  comparison  in  size  of  growth-stagn,  and  the 
principle  may  be  extended  to  other  groups  of  trilobites  in  which  most  of 
the  variation  in  the  glabella  concerns  the  development  of  the  frontal  lobe. 
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and  others  have  suggested,  to  be  situated  originally  at  the  inter¬ 
sections  of  the  pre-glabeilar  furrow  with  the  axial  furrows,  and  thus 
to  define  the  anterolateral  “  comers  ”  of  the  frontal  lobe. 

This  involves  the  assumption  that,  with  the  exceptions  mentioned 
later,  the  pits  are  positionally  homologous  throughout  the  two  super¬ 
families.  Such  an  assumption  can  only  be  proved  ontogenetically 
and  there  is  as  yet  too  little  evidence  to  put  the  matter  beyond  doubt, 
but  it  is  supported  by  the  (admittedly  few)  ontogenies  that  have  been 
described.  These  represent  all  four  families,  and  in  all  cases  the  pits 
at  their  first  appearance  in  the  protaspid  or  early  meraspid  stages  are 
found  in  the  axial  furrows  in  front  of  the  third  glabellar  furrows,  and 
in  positions  which  are  interpreted  here  as  the  ends  of  the  pre-glabellar 
furrow  (Ross,  1951  A,  p.  583,  pi.  82;  Whittington  and  Evitt,  1954, 
pp.  79,  86,  pis.  28,  30;  Temple,  1952,  pi.  x,  fig.  6).  In  fully  grown 
members  of  the  various  families,  on  the  other  hand,  the  pits  are 
apparently  very  variable  in  position;  but  there  seems,  nevertheless, 
always  to  be  continuity  in  development  between  the  adult  pits  and 
those  of  the  early  stages. 

The  alternative  to  assuming  the  pits  to  be  positionally  homologous 
is  to  consider  them  as  only  functionally  equivalent  structures,  developed 
in  positions  which  do  not  necessarily  correspond.  Tltis  is  certainly 
true  of  the  Encrinurinae  as  compared  with  the  Cybelinae  and  probably 
applies  in  some  other  instances  (see  below),  but  it  is  nevertheless 
possible  to  interpret  the  apparently  variable  positions  of  the  anterior 
pits  in  adult  forms  of  the  two  superfamilies  within  the  restriction 
imposed  by  assuming  them  to  be  homologous. 

If  the  anterior  pits  are  taken  to  mark  the  ends  of  the  pre-glabellar 
furrow,  the  shape  of  the  frontal  lobe  may  be  defined  by  the  following 
four  variables : — 

(i)  sagittal  length  ’ — along  the  mid-line  of  the  glabella  from  the 
continuation  of  the  third  glabellar  furrows  to  the  pre-glabellar 
furrow; 

(ii)  ex-sagittal  length — from  the  third  glabellar  furrows  to  the 
projections  of  the  anterior  pits; 

(iii)  anterior  width — between  the  anterior  pits; 

(iv)  posterior  width — between  the  axial  furrows  at  the  third  glabellar 
furrows. 

The  last  variable,  however,  is  not  intrinsic  to  the  frontal  lobe,  for  it 
is  also  the  width  of  the  glabellar  stalk. 

Text-fig.  I  illustrates  qualitatively  the  relative  development  of  the 
frontal  lobe  (shown  in  black)  in  some  adult  members  of  the  Cheiruracea 

^  The  rather  arbitrary  “  adult  ”  values  of  these  dimensions  are  determined  by 
the  corresponding  relative  growth-rates,  and  the  latter,  if  known,  would  define 
the  shape  of  the  frontal  lobe  more  fundamentally. 
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and  Phacopacea,  the  same  rectangular  grid  having  been  distorted  to 
fit  the  frontal  lobe  of  each. 

The  manner  of  distortion  adopted  is  arbitrary,  for,  although  in 
each  case  the  outline  of  the  grid  is  known  and  the  positions  of  its 
comers  are  determined  (by  the  anterior  pits  and  the  ends  of  the  third 
glabellar  furrows),  the  pattern  of  growth  within  the  frontal  lobe  is 


b  4 


Text-fio.  1. — Development  of  the  frontal  lobe. 

(a)  Atractopyge  (Cybelinae). 

(b)  Encrinurus  (Encrinurinae). 

(c)  Ceraurinella  (Cheiruridae). 

((/)  Dalmanitina  (Phacopidae). 

The  four  forms  are  ail  **  adults  ”  and  may  be  considered 
comparable  in  size,  as  their  glabellar  stalks  are  drawn  to  the  same 
length  (allowance  being  made  for  the  reduction  of  the  first  glabellar 
lobiM  in  Encrinurus).  In  each  glabella  the  frontal  lobe  is  shown  in 
black  with  a  distorted  rectangular  grid  superimposed  in  broken 
white  lines. 

Arrows  mark  the  positions  of  the  anterior  pits  which,  except  in 
Encrinurus,  are  taken  to  mark  the  ends  of  the  pre-glabellar  furrows. 
The  pseudo-glabellar  area  of  Encrinurus  is  stippled  and  bears  the 
facial  suture  as  a  thin  line. 

not  known.  It  may  be  possible,  however,  in  forms  with  regular 
persistent  tubercles  which  can  be  recognized  from  moult  to  moult 
through  development — such  conditions  are  found  in  some  Encrinurids 
— to  work  out  the  growth-pattern.  Unfortunately,  in  most  cases  the 
tubercles  (and  other  ornament)  on  the  glabella  appear  to  be 
impersistent  and  distributed  at  random  at  each  moult. 

The  Cybelinae  show  in  many  respects  the  simplest  development  of 
any,  for  the  anterior  pits  are  in  most  cases  demonstrably  at  the  ends 
of  the  pre-glabellar  furrow.  The  frontal  lobe  may  be  enlarged,  but 
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often  only  by  increase  in  the  sagittal  length,  the  anterior  width 
remaining  equal  to  that  of  the  stalk  and  the  whole  glabella  being 
then  parallel-sided.  In  some  cases,  with  an  increase  in  the  distance 
between  the  anterior  pits,  the  frontal  lobe  becomes  transversely 
expanded,  as  in  Atractopyge. 

The  Encrinurinae  are  considerably  more  complicated  (Text-fig.  2), 
for  the  anterior  pits  are  differently  placed  and  the  frontal  lobe  is 
enlarged  by  incorporation  of  part  of  the  anterior  border  of  the 
cephalon.^  The  latter  condition,  which  seems  to  be  confined — at 


Text-hg.  2. — Diagrammatic  comparison  of  the  glabellas  of  Cybelinae  and 
Encrinurinae. 

In  Cybelinae  the  true  pre-glabellar  furrow  (full  line)  separates 
the  frontal  lobe  from  the  anterior  border  (stippled).  In  Encrinurinae 
false  pre-glabellar  furrows  (broken  lines)  are  developed  which 
incorporate  part  of  the  anterior  border  including  the  facial  suture 
(thin  line)  into  the  enlarged  frontal  lobe. 

Black  arrows  mark  the  positions  of  the  anterior  pits  in  Cybelinae, 
open  arrows  those  of  Encrinurinae.  The  rostral  plates  are  omitted. 

least  among  post-Cambrian  trilobitcs — to  the  Encrinurinae,  is 
accomplished  by  the  development  of  false  pre-glabellar  furrows  on 
the  anterior  border  in  front  of  the  true  pre-glabellar  furrow,  which 
is  then  usually  reduced.*  In  the  Ordovician  forms  Encrinuroides 
sexcostatus  (Salter)  and  E.  contentus  (Reed),  although  the  false 
furrows  are  already  developed,  the  true  pre-glabellar  furrow  is  still 
quite  strong  (Salter,  1853,  pi.  iv,  fig.  3;  Whittington,  1950,  text-fig. 

*  Since  this  was  written  I  have  seen  a  copy  of  a  very  rare  article  by 
E.  Rosenstein  in  which  this  phenomenon  is  discussed  and  illustrated  (1941, 
pp.  50-52,  text-figs.  1,  2,  3). 

*  Reduction  of  the  pre-glabellar  furrow  is  not  uncommon  in  other 
families:  it  occurs,  for  instance,  in  Cybeloides  loveni  girvanensis  (Reed), 
Pterygometopus  exilis  (Eichwald)  and  several  Devonian  Phacopinae,  but  in 
none  of  the«  are  false  pre-glabellar  furrows  developed. 
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2);  but  in  advanced  Silurian  forms  such  as  Encrinurus  variolar  is 
(Brongniart)  the  true  furrow  is  practically  indistinguishable  over  the 
axis  (although  it  may  be  indicated  by  the  arrangement  of  tubercles 
on  the  frontal  lobe),  and  a  portion  of  the  anterior  border — the 
pseudo-glabellar  area — has  become  structurally  part  of  the  glabella, 
forming  much  of  the  now  composite  “  frontal  lobe  ”  (Salter,  loc.  cit., 
figs.  13,  14).  As  the  false  furrows  lie  on  the  free  cheeks,  the  part  of 
the  anterior  border  incorporated  into  the  glabella  includes  parts  of  the 
facial  sutures  and  of  the  rostral  plate,  which  therefore  appear  to  pass 
on  to  the  glabella.  Although  the  axial  part  of  the  true  pre-glabellar 
furrow  is  lost  in  these  advanced  forms  its  lateral  parts  persist  on 
either  side,  and  give  the  appearance  of  an  additional  pair  of  glabellar 
furrows.  Such  “  fourth  glabellar  furrows  ”,  which  have  caused  some 
confusion  in  encrinurid  morphology,  are  well  developed  in  the 
species  assigned  by  Barrande  to  Cromus"  (1852,  pi.  43,  fig.  6). 
In  some  Encrinurus,  such  as  £.  shelvensis  Whittard  and  some  specimens 
of  £.  punctatus  (Wahlenberg),  they  are  even  provided  with  small 
apodemes. 

An  alternative  interpretation  of  the  encrinurid  condition  has  been 
suggested  by  Whittington  (1950,  p.  538):  this  is  to  regard  the  furrows 
that  I  have  called  false  pre-glabellar  furrows  as  equivalent  to  an 
anterior  border  furrow,  and  the  area  between  them  and  the  true 
pre-glabellar  furrow  as  constituting  a  pre-glabellar  field.  I  do  not 
adopt  this  interpretation  as  I  consider  that  the  Encrinurinae  agree 
with  other  members  of  the  Cheiruracea  in  having  the  pre-glabellar 
and  anterior  border  furrows  combined  into  one.  The  whole  region 
in  front  of  the  encrinurid  pre-glabellar  furrow  belongs  therefore  to 
the  anterior  border,  and  though  part  of  it  may  give  the  appearance 
of  being  a  pre-glalxllar  field  the  condition  is  not  homologous,  for 
a  true  pre-^bellar  field  does  not  bear  the  axial  part  of  the  facial 
suture  and  is  not  typically  separated  by  furrows  from  the  cheeks. 

The  anterior  pits  in  the  Encrinurinae  are  found,  not  at  the  ends  of 
the  true  pre-glabellar  furrow  as  in  Cybelinae,  but  further  forward 
near  the  ends  of  the  false  pre-glabellar  furrows  and  immediately 
behind  the  facial  sutures.  This  change  in  the  position  of  the  anterior 
pits  has  already  taken  place  in  the  Ordovician  Encrinuroides  in  which 
the  true  pre-glabellar  furrow  is  still  strong:  it  is  probably  associated 
primarily  with  the  development  of  false  pre-glabellar  furrows. 

In  the  Pliomerids  the  frontal  lobe  is  very  reduced  (particularly  in 
Pliomera  itself),  the  sagittal  length  being  small  and  the  ex-sagittal 
length  negligible.  The  anterior  pits  in  Placoparia  and  in  the  early 
forms  described  by  Ross  (1951a)  and  Hintze  (1953)  are  at  the  ends 
of  the  third  glabellar  furrows  in  the  anterolateral  comers  of  the 
glabella,  and  they  remain  in  these  comers  in  Pliomera,  even  though 
in  this  genus  the  ends  of  the  third  furrows  have  been  drawn  in 
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towards  the  axis  by  the  shrinkage  of  the  frontal  lobe.  This  also  is 
apparently  a  case  of  functional  equivalence  rather  than  of  strict 
homology  of  position. 

In  the  Cheirurids  the  anterior  pits  lie  either  at  the  ends  of  the 
third  glabellar  furrows  as  in  Cheirurus,  Ceraurus,  and  Sphaerexochus, 
or  only  a  little  way  in  front  as  is  common  in  Pseudosphaerexochus. 
This  relatively  backward  position  of  the  cheirurid  anterior  pits  is 
interpreted  in  terms  of  a  very  small  ex-sagittal  length  to  the  frontal 
lobe,  but  it  is  possible  that  migration  of  the  pits  along  the  axial 
furrows  may  be  a  factor  in  some  cases,  for  example  in  Reraspis 
(Opik,  1937,  text-hg.  29)  where  the  pits  are  found  actually  behind 
the  third  furrows.  The  sagittal  length  of  the  cheirurid  frontal  lobe 
is  variable.  In  the  Cyrtometopinae  and  Sphaerexochinae  it  is  usually 
small,  being  not  more  than  that  of  each  of  the  other  glabellar  segments, 
and  in  these  forms  the  glabella -tends  to  become  oval  or  even  circular 
in  outline,  so  that  the  stalk  is  no  longer  approximately  rectangular. 
In  the  Cheirurinae,  on  the  other  hand,  the  sagittal  length  is  greater 
than  that  of  the  other  segments,  while  the  frontal  lobe  may  be  expanded 
slightly  beyond  the  sides  of  the  stalk.  Since  the  anterior  pits  remain 
close  to  the  ends  of  the  third  furrows  this  expansion  represents  a 
bulging  outwards  of  the  anterior  margin  of  the  frontal  lobe,  not  an 
expansion  of  its  sides.  In  many  respects  the  enlargement  of  the 
frontal  lobe  of  the  Cheirurinae  often  approaches  the  condition 
common  in  the  Phacopids  (even  to  the  extent  of  the  third  furrows 
becoming  rather  oblique),  but  in  view  of  the  basic  differences  between 
the  glabellas  of  the  two  families  the  resemblance  must  be  considered 
homeomorphic. 

In  the  majority  of  those  Phacopids  that  retain  them  to  the  adult, 
the  anterior  pits  also  lie  at  the  ends  of  the  third  glabellar  furrows,  but 
it  appears  from  the  ontogeny  of  Dalmanitina  oUn'i  (Temple,  1952, 
p.  257)  that  this  is  a  quite  different  and  more  highly  specialized 
condition  than  in  the  Cheirurids.  In  the  metaprotaspis  of  D.  olini 
the  pits  are  in  front  of  the  true  third  glabellar  furrows  and  remain 
in  this  relation  throughout  development,  but  a  change  in  the  amrse 
of  the  axial  furrows  during  early  post-protaspid  stages  isolates  the 
parts  of  the  original  axial  furrows  lying  between  the  ends  of  the  true 
third  glabellar  furrows  and  the  anterior  pits;  and  it  is  these  isolated 
furrows  that  develop  into  the  outer  oblique  parts  of  the  third  furrows, 
of  the  adult,  with  the  anterior  pits  (if  retained)  at  their  ends.  The 
adult  third  furrows  as  a  whole  therefore  are  composite,  and  only 
their  inner  parts  are  homologous  with  the  other  glabellar  furrows.* 
Although  no  other  phacopid  ontogenies  are  known  in  detail  there  is 

*  This  interpretation  has  recently  been  challenged  (Whittington,  Journ. 
Paleont.,  vol.  30,  p.  104);  but  see  also  part  5  of  the  same  volume. 
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evidence  from  the  adult  morphology  of  many  Phacopids,  particularly 
Dalmanitinae  and  Phacopinae,  that  the  third  furrows  are  of  the 
same  composite  nature  as  those  of  D.  olini,  and  such  a  condition  is 
characteristic  of  typical  members  of  the  family  (op.  cit.,  p.  260). 

In  some  Pterygometopinae,  however,  it  is  developed  only  imperfectly, 
and  in  Pterygometopus  sclerops  (Dalman)  not  at  all,  for  here  the  adult 
third  furrows,  which  arc  very  short,  are  certainly  not  composite,  while 
the  anterior  pits  are  some  distance  in  front  of  them.  The  glabellar 
plan  of  P.  sclerops  is  essentially  the  same  as  that  of  Cybelinae  such 
as  Atractopyge,  and  no  deflection  of  the  axial  furrows  can  have  taken 
place.  The  difference  from  the  typical  phacopid  condition  is  indeed 
so  great  that  it  will  probably  be  necessary  eventually  to  restrict  the 
Pterygometopinae  to  such  forms  as  these,  and  to  remove  the  sub¬ 
family  from  the  Phacopidae.  On  the  other  hand,  in  forms  such  as 
Chasmops  which  are  currently  also  included  in  the  Pterygometopinae 
the  third  furrows  do  appear  to  be  composite,  for  the  anterior  pits  lie 
at  their  ends,  and  this  is  taken  as  the  typical  phacopid  condition. 

It  may  not  in  fact  be  confined  to  the  Wiacopids,  for  in  some 
Cybelinae  such  as  Cybeloides  loveni  girvanensis  (R^)  there  are 
oblique  furrows  between  the  apodemes  of  the  third  glabellar  furrows 
and  the  anterior  pits,  which  are  ostensibly  similar  to  the  outer  parts 
of  the  phacopid  third  furrov's.  However,  in  the  absence  of 
ontogenetic  evidence  it  is  not  possible  to  say  whether  the  condition 
is  really  homologous,  and  direct  morphological  comparison  of  adults 
is  made  difficult  by  the  condensation  of  the  apodemes  and  the 
relative  widening  of  the  glabellar  stalk  in  Cybelinae. 

The  composite  third  furrows  of  Phacopids  arc  not  homologous 
with  the  third  furrows  of  Cheirurids,  and  the  similarity  in  position  of 
the  anterior  pits  in  the  Phacopids  and  Cheirurids  is  therefore  only 
apparent,  for  the  dimensions  of  the  frontal  lobes  of  the  two  families 
are  fundamentally  different.  Whereas  in  the  Cheirurids  the  ex-sagittal 
length  is  negligible,  in  the  Phacopids  it  is  about  the  same  as  that  of 
each  of  the  other  glabellar  segments,  and  the  anterior  pits  (or  their 
loci  if  the  pits  are  lost)  are  as  far  in  front  of  the  true  third  glabellar 
furrows  as  the  second  glabellar  furrows  are  behind.^  The  sagittal 
length  of  the  frontal  lobe  is  almost  always  greater  than  in  the 

*  The  relative  position  of  the  pits  in  D.  olini  was  previously  analysed  (op. 
cit.,  p.  2S8)  in  terms  of  the  rates  of  growth  in  length  of  the  part  of  the 
frontal  lobe  in  front  of  a  transverse  line  joining  the  pits  (the  “  anterior 
part  ”  of  the  frontal  lobe)  and  of  that  behind  (the  “  posterior  part  ”)• 
Since,  however,  the  pits  are  taken  to  mark  the  ends  of  the  pre-glabellar 
furrow  such  a  distinction  of  an  “anterior”  and  a  “posterior”  part  of 
the  frontal  lobe  is  meaningless;  for  the  former  is  imaginary,  while  the 
latter  represents  the  whole  frontal  lobe.  The  real  distinctions  are  between 
sagittal  and  ex-sagittal  lengths,  and  between  the  corresponding  rates  of 
growth. 
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Cheirurids,  and  is  commonly  about  equal  to  that  of  the  stalk,*  while 
the  anterior  width  is  always  more  than  that  of  the  stalk.  The  maximum 
width  of  the  frontal  lobe,  however,  is  formed  as  in  some  Cheirurids 
by  a  bulging  outwards  of  the  anterior  margin  beyond  the  ends  of  the 
adult  third  furrows. 

The  enlargement  of  the  frontal  lobe  in  the  Phacopids  is  more 
constant  and  more  extensive  than  in  any  of  the  Cheiruracea.  The 
growth  of  the  phacopid  glabella  has  been  studied  in  D.  olini  where 
the  shape  of  the  adult  frontal  lobe  is  determined  by  its  constantly 
high  growth-rates  which  operate  throughout  development,  and  the 
same  may  be  true  of  most  if  not  all  Phacopids.  Unfortunately  nothing 
is  known  yet  of  the  growth-rates  in  the  Cheiruracea  (and  relative 
growth  may  not  even  be  linear  as  it  is  in  D.  olini),  but  it  is  apparent 
that  the  variable  proportions  of  the  adult  frontal  lobes  are  determined 
entirely  by  the  different  growth-rates,  since  at  the  metaprotaspid  stage 
the  frontal  lobe  is  essentially  the  same  shape  in  all  families,  including 
the  Phacopids.  Detailed  growth-rate  studies  of  many  members  of 
both  superfamilies  are  necessary,  however,  before  the  systematic  value 
of  growth-rates  can  be  established. 

2.  Other  characters. 

As  the  other  differentiating  characters  are  well  known  it  is  not 
necessary  to  discuss  them  at  length.  The  following  seem  to  be  the 
most  important: — 

(i)  disposition  of  the  glabellar  furrows  and  development  of  the 
apodemes ; 

(ii)  position,  size,  and  structure  of  the  eyes ; 

(iii)  development  of  eye-ridges ; 

(iv)  rostral  plate; 

(v)  hypostome; 

(vi)  numbers  of  thoracic  and  pygidial  segments ; 

(vii)  segmental  specialization  (by  macropleurality  or  axial  spines) ; 

(viii)  relative  development  of  the  anterior  and  posterior  pleural 

bands  and  the  pleural  furrow. 

Discussion 

The  Cheiruracea  and  Phacopacea  form  together  a  taxonomic  group 
(which  may  be  considered  a  suborder  equivalent  to  Richter's  1932 
superfamily  Phacopidea)  defined  by  their  assemblage  of  common 
characters.  Such  an  assemblage  is  not  repeated  exactly  in  any  other 
group,  but  the  individual  elements  are  quite  widely  distributed  among 

*  Pterygometopus  sclerops  is  an  outstanding  exception  to  this  generalization 
also. 
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the  trilobites.  For  comparative  purposes  we  may  neglect  the  sixth 
character  (larval  similarities)  as  doubtfully  significant  and  as  being 
difficult  to  apply  widely  for  want  of  detailed  knowledge  of  the 
ontogenies  of  many  trilobites,  and  consider  the  distribution  of  the 
other  five. 

These  (adult)  characters  are  found  in  various  combinations  in  a 
number  of  families,  but  interpretation  of  their  distribution  in  terms 
of  the  relative  affinity  of  these  families  to  the  Cheiruracca  and 
Phacopacea  is  difficult.  The  occurrence  of  any  single  character — 
such  as  proparian  facial  sutures  or  anterior  pits — is  unlikely  to  be 
significant,  and  the  same  may  be  true  also  of  some  combinations,  for 
the  characters  themselves  may  not  be  equally  significant.  It  is  still 
uncertain  which  (if  any)  characters  are  intrinsically  important  in 
determining  relationships  among  the  trilobites,  but  of  the  characters 
common  to  a  particular  group  the  most  important  for  this  purpose 
must  be  those  which  have  a  relatively  limited  distribution  outside  the 
group — in  the  present  instance  probably  the  proparian  facial  sutures 
and  the  absence  of  terraced  lines.  With  more  widely  distributed 
common  characters  there  is  a  greater  chance  of  fortuitously  similar 
combinations  arising  and  causing  resemblances  that  are  essentially 
homeomorphic.  The  Cryptolithidae  for  instance  share  three  characters 
with  the  Cheiruracea  and  Phacopacea:  absence  of  a  pre-glabellar 
field ;  anterior  pits ;  and  occasionally  pitting  on  the  cheeks.  But  the 
first  two  of  these  characters  at  least  are  very  widespread,  and  the 
resemblance  may  not  therefore  be  significant.  On  the  other  hand, 
the  Calymenidae  (including  the  Homalonotids),  and  to  a  lesser  extent 
the  Odontopleuridae,^  do  seem  to  show  genuine  affinities  with  the 
Cheiruracea  and  Phacopacea. 

The  Calymenidae  differ  essentially  only  in  one  character — the  lack 
of  pitting  on  the  cheeks,  although  some  Calymenids  differ  also  in 
developing  an  incipient  pre-glabellar  field;  while,  if  Pharostoma  is 
included  in  the  family,  the  differences  increase,  for  this  genus  has 
a  well-defined  pre-glabellar  field  and  opisthoparian  facial  sutures. 
The  Calymenidae  also  retain  a  tapering  glabella,  whereas  in  most 
Cheiruracea  and  Phacopacea  a  more  advanced  glabellar  plan  is 
evolved.  There  is  no  doubt,  however,  that  they  are  closely  related 
to  these  superfamilies,  as  was  recognized  by  Beecher  in  the  erection 
of  the  Proparia  (1897,  p.  198). 

The  Odontopleuridae  are  not  so  close  as  the  Calymenidae,  but 
they  have  two  features  in  common  with  the  Cheiruracea  and 
Phacopacea :  the  lack  of  terraced  lines  and  the  lack  of  a  pre-glabellar 

^  I  am  indebted  to  Dr.  Stubblefield  for  suggesting  this  comparison.  Salter 
long  ago  remarked  in  passing  on  the  “  strong  resemblance  ”  of  the 
Encrinurids  and  Odontopieurids  (1864,  p.  60). 
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fKld.  The  most  apparent  differences  are  the  opisthoparian  facial 
sutures,  and,  as  in  the  Calymenidae,  the  absence  of  pitting  on  the 
checks.  Recognition  of  anterior  pits  in  the  Odontopleurids  is  made 
difficult  by  the  excessive  reduction  of  the  frontal  lobe  and  the 
obliteration  of  the  anterior  parts  of  the  axial  furrows,  but  in  a  number 
of  forms  there  are  pits  at  the  anterolateral  comers  of  the  cranidium 
which  may  represent  anterior  pits.  In  most  Odontopleurids,  however, 
there  are  no  pits. 

It  has  been  suggested  (Stubblefield,  1936,  p.  430;  Hupe,  19S3,  p.  159) 
that  the  proparian  trilobites  may  be  neotenous  in  origin,  and  several 
of  the  adult  characters  of  the  Cheiruracea  and  Phacopacea  are  typical 
of  the  larval  stages  of  non-proparian  forms :  the  proparian  condition 
of  the  facial  sutures;  the  absence  of  a  pre-glabellar  field — the  field, 
in  those  trilobites  that  have  one,  developing  during  ontogeny  by  a 
retreat  of  the  glabella  from  the  anterior  border;  the  position  of  the 
eyes  in  early  members  of  the  Cheiruracea.  It  is  possible  also  that  the 
presence  of  anterior  pits  in  the  adult  is  neotenous,  at  least  in  respect 
to  the  Ptychopariacea,  for  pits  appear  transitorily  during  the  early 
development  of  the  Upper  Cambrian  (Dresbachian)  ptychopariid 
genus  Welleraspis  (Rasetti,  1954,  pi.  62).  The  resemblance  of  the 
young  stages  of  the  latter  to  those  of  the  Cheiruracea  and  Phacopacea 
is  very  striking.  There  appears  in  fact  to  be  no  intrinsic  improbability 
in  deriving  these  proparian  trilobites  by  neoteny  from  the  Ptycho¬ 
pariacea  of  the  Upper  Cambrian,  although  our  knowledge  of  the 
latter,  particularly  of  their  ontogeny,  is  as  yet  relatively  slight. 

AcKNOWLEEKjMENTS 

These  notes  have  been  made  possible  by  the  kindness  of  many 
people  both  in  this  country  and  abroad  who  have  allowed  me  to 
examine  specimens  in  their  charge,  made  material  available  on  loan, 
or  answered  queries;  and  to  whom  it  is  a  pleasure  to  acknowledge 
my  indebtedness.  I  have  also  had  the  considerable  advantage  of 
some  stimulating  criticism  of  the  text  by  Dr.  C.  J.  Stubblefield,  F.R.S., 
and  Mr.  R.  P.  Tripp. 


REFERENCES 

BAiutANDE,  J.,  1852.  Systime  silurien  du  Centre  de  la  Bohime  .  .  .  Vol.  /. 

Trilobites.  Prague  and  Paris. 

-  1872.  Ibid.  Supplement. 

Beecher,  C.  E.,  1897.  Outline  of  a  Natural  Classification  of  the  Trilobites. 

Amer.  Journ.  Sci.,  ser.  4,  iii,  89-106,  181-207. 

Henningsmoen,  G.,  1951.  Remarks  on  the  Classification  of  Trilobites. 
Norsk  geol.  Tidsskr.,  xxix,  174-217. 

Hintze,  L.  F.,  1953.  Lower  Ordovician  Trilobites  from  Western  Utah  and 
Eastern  Nevada.  Bull.  Utah  Geol.  Min.  Surv.,  no.  48. 

Hup^,  P.,  1953.  Classe  des  Trilobites,  in  J.  Piveteau,  TraiN  de  PaUontologie, 
iii.  Masson  et  Cie,  Paris. 


430 


Notes  on  the  Cheiruracea  and  Phacopacea 


Kielan,  Z.,  19SS.  O  nowym  trylobicie  z  rodzaju  Ceraurus  .  .  .  Acta  geot. 
•  polon.,  V,  215-240. 

Opik,  a,,  1937.  Trilobitcn  aus  Estland.  Acta  Univ.  Dorpat.  {Tartu.),  A, 
xxxii,  no.  3. 

Rasetti,  F.,  1954.  Phytogeny  of  the  Cambrian  trilobite  family  Catillice- 
phalidae  and  the  ontogeny  of  Welleraspis.  Journ.  Paleont.,  xxviii, 
599-612. 

Richter,  R.,  1932.  Crustacea  (Paliontologie),  in  Handwdrterbuch  der 
Naturwlssenschaften,  2nd  ed.,  ii,  Jena. 

- and  E.,  1926.  Beitrage  zur  Kenntnis  devonischer  Trilobiten.  IV. 

Die  Trilobiten  des  Oberdevons.  Abh.  Preuss.  geol.  Landesanst., 
N.F.,  xcix. 

Rosenstein,  E.,  1941.  Die  Encrinurus-krXcn  des  estlandischen  Silurs.  Publ. 
geol.  Instn.  Univ.  Tartu,  no.  62. 

Ross,  R.  J.,  1951a.  Stratigraphy  of  the  Garden  City  Formation  in  North¬ 
eastern  Utah,  and  Its  Trilobite  Faunas.  Bull.  Peabody  Mus.,  no.  6. 

- 19516.  Ontogenies  of  three  Garden  City  (early  Ordovician)  trilobites. 

Journ.  Paleont.,  xxv,  578-586. 

Salter,  J.  W.,  1853.  Figures  and  Descriptions  illustrative  of  British  Organic 
Remains.  Decade  VI 1.  Mem.  Geol.  Surv.  U.K. 

-  1864.  A  Monograph  of  British  Trilobites.  Part  I.  Palaeontogr.  Soc. 

IMonogr.]  for  1862. 

Schmidt,  F.,  1881.  Revision  der  Ostbaltischen  Silurischen  Trilobiten  .  .  . 

Abth.  I.  MJm.  Acad.  Sci.  St.  Petersb.,  ser.  7,  xxx. 

Stubbleheld,  C.  j.,  1936.  Cephalic  sutures  and  their  bearing  on  current 
classifications  of  trilobites.  Biol.  Rev.,  xi,  407-440. 

Temple,  J.  T.,  1952.  The  Ontogeny  of  the  Trilobite  Dalmanitina  olini. 
Geol.  Mag.,  Ixxxix,  251-262. 

Warburg,  E.,  1925.  The  Trilobites  of  the  Leptaena  Limestone  in  Dalame . . . 

Bull.  geol.  Instn  Univ.  Upsala,  xvii,  1-446. 

WHimNOTON,  H.  B.,  1950.  Sixteen  Ordovician  genotype  trilobites.  Journ. 
Paleont.,  xxiv,  531-565. 

-  1954.  Status  of  Invertebrate  Paleontology,  1953  VI.  Arthropoda: 

Trilobita.  Bull.  Mus.  Comp.  Zool.  Harv.,  cxii,  193-200. 

- and  W.  R.  Evitt,  1954.  Silicified  Middle  Ordovician  Trilobites. 

Mem.  Geol.  Soc.  Amer.,  no.  59. 

Department  of  Geology, 
Birkbeck  College, 
London. 


O.R.S. -Carboniferous  Junction  near  Cardiff 


431 


An  Old  Red  Sandstone- Carboniferoug  Limestone  Series 
Junction  at  Tong>\'ynlais,  North  of  Cardiff 

By  W.  D.  Evans  and  A.  H.  Cox 
Abstract 

This  paper  records  details  of  measured  sections  across  the  Old 
Red  Sandstone-Carboniferous  junction  in  the  neighbourhood  of 
Cardiff. 

Apart  from  the  coastal  sections  exposed  in  the  Gower  Peninsula 
'and  along  the  Pembrokeshire  coast,  complete  records  of  the 
relationship  between  the  Old  Red  Sandstone  and  the  Carboniferous 
Limestone  have  been  rare  in  South  Wales.  Consequently,  the  exposure 
of  this  junction  in  artificial  cuttings  at  Tongwynlais,  north  of  Cardiff, 
was  of  considerable  significance.  The  measured  sections,  correlated 
from  face  to  face  of  these  cuttings,  produced  the  following  succession ; 

Carboniferous  Limestone  Series 

K.  Beds  (over  10  feet)  Ft.  In. 

Crinoidal  limestones  with  one  thin  band  of  Bryozoan  Iron¬ 
stone  occurring  near  the  base  over  10  0 


Km.  Shales  (13  feet) 

Dark-green,  grey-blue  brown  weathering  laminated,  silts 
and  grey  shales  with  occasional  nodules  of  irregular 
shape,  some  of  which  show  many  resemblances  to 
weathered  boulders.  Fragments  of  Modiola  occur  near 
the  top  of  the  series  13  0 

Basement  Series  (53  feet  4  inches) 

Laminated  calcareous  sandstone  with  films  of  green  nurl 
distributed  on  bedding  planes  6  6 

Grey  shales  with  thin  bands  of  calcareous  sandstone  2  6 

Soft,  pale-weathering  calcareous  sandstones  4  0 

Brown  sandy  micaceous  shales  1  6 

Red-weathering,  yellow,  slightly  micaceous  sandstone  1  4 

Mottled,  blue-grey  and  brown  shales  2  6 

Conglomeratic  sandstone  3  0 

Well-jointed,  false-bedded  quartzites  and  sandstones  5  0 

Brown  marl  0  6 

Pale-grey  sandstone  1  0 

Soft,  dark-brown  weathering  calcareous  sandstone  4  0 

Massive  yellow  sandstones  with  partings  of  brown  marl  2  0 

Soft  micaceous,  flaggy  sandstone  2  0 

Quartzite  I  2 

Soft  micaceous  flaggy  sandstone  3  6 

False-bedded  grey  sandstone  with  partings  of  red  marl  4  8 

Soft,  brown-weathering  micaceous  flaggy  sandstone  2  6 

Massive  sandstone  and  grit  grading  down  into  a  quartz  con¬ 
glomerate,  the  calcareous  and  ferruginous  matrix  of  which 
has  disintegrated  in  places  5  8 
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Upper  Old  Red  Sandstone  Series 

“  Plant  Beds  ”  (over  52  feet  10  inches) 

A  variable  series  of  brown  sandstones  and  quartzites,  con¬ 
glomeratic  in  places,  and  interbedded  with  partings  of 
green  and  brown  marl 

The  matrix  has  decomposed  in  most  places,  but  was 
originally  calcareous  and  ochreous 
Quartz  conglomerate 
Brown  sandstone 

Dark  brown  marls  and  thin  beds  of  brown  sandstone  with 
“  races  ”  of  green  marl  at  irregular  intervals 
Green,  flaggy,  micaceous  sandstones 
Alternations  of  grey  quartzites  and  brown  sandstones  with 
partings  of  green  and  grey  shales  containing  plant 
fragments 

Brown  weathering  grey  quartzite 

Purple  and  brown  sandstones  with  partings  of  micaceous 
sandy  shales  grading  down  into  purple,  brown  and  green 
micaceous  sandstones 

Flag^  brown  sandstones  with  partings  of  green  marl 
Lenticular  quartzites  and  green  marls 
Massive  red  sandstone 

Comstones  in  sandstone  with  green  shale  partings  con¬ 
taining  compressed  plant  fragments  and  scales  of 
Holop.ychius  nobilissimus  Ag. 

Decomposed  ochreous  sandstones  with  bands  of  grey 
quartzite 

False-bedded  quartz  conglomerates 

(sharp  junction) 

Quartz  Conglomerate  Series  (over  79  feet  8  inches) 

False-bedded  grey  sandstones,  soft  brown-weathering  sand¬ 
stones  with  laminae  of  green  marls 

Conglomeratic  sandstones  with  marl  partings  and  patches  of 
marl  in  the  matrix 

Brown  micaceous  sandstones  with  green  marl  partings  near 
the  top 

Blue-grey  laminated  sandstone 

Conglomerates  with  quartz  and  marl  pebbles  with  a  sandy 
marl  matrix  grading  up  into  brown  sandstones 
(sharp  junction) 

Blue-grey  flaggy  sandstones  weathering  dwp  brown 

Soft  brown-weathering  sandstones  with  thin  bands  of  quartzite 
(sharp  junction) 

Quartz  conglomerates  with  a  quartz  matrix 

Unconformable  junction 


Ft.  In. 


6  0 
to 

10  0 
0  9 

3  6 

5  0 

4  0 


2  6 
2  0 


12  9 
6  0 
1  8 
0  9 


2  9 

3  2 
2  0 


4  0 
to 

6  0 

4  0 

17  0 
4  6 

10  0 

4  8 
13  6 

20  0 


Brown  marl 
Brown  sandstone 


“  Brownstones  ” 


1  to  3  in. 
1  to  5  in. 


O.R.S. -Carboniferous  Junction  near  Cardiff 


433 


Ft.  In. 

Strongly  jointed  red  marl  0  7 

Green  sandstone  1  1 

Strongly  jointed  red  marl  with  thin  sandstone  at  base  1  0 

Quartz  conglomerate  1  6 

(non  sequence) 

Soft  brown  marl  0  10 

Grey,  brown  weathering  sandstone  4  to  6  in. 

Brown  and  green  marls  Ft.  In. 

Alternations  of  micaceous  sandstones  and  thin  beds  of 
micaceous  sandy  marls  over  150  0 


The  so-called  Brownstones  were  also  exposed  at  the  same  time  by 
road  widening  at  Thornhill,  some  two  miles  to  the  east  of  Tongwynlais. 
Unfortunately  the  succession  exposed  only  reached  the  middle  of  the 
Quartz  Conglomerate  Series,  and  yielded  no  fossil  evidence,  even 
though  it  was  suspected  that  the  Pteraspidan  Coed-y-coed  cae  Fish 
Bed  (Heard  and  Davies,  1924)  might  have  occurred  in  this  section. 
In  the  uppermost  cutting  at  Tongwynlais  the  junction  of  the  Brown- 
stones  with  the  overlying  Quartz  Conglomerate  Series  indicates  a 
period  of  erosion  and  slight  tilt  to  the  Brownstones,  down  to  the  north. 
This  may  be  of  only  local  significance,  but  it  does  lend  some  support 
to  the  possibility  of  at  least  an  active  axis  of  uplift  along  the  Bristol 
Channel  during  Middle  and  Upper  Old  Red  Sandstone  times. 

No  evidence  is  offered  by  these  cuttings  of  the  possible  preservation, 
or  even  of  deposition  of  beds  of  Middle  Old  Red  Sandstone  age. 
The  (^rtz  Conglomerate  Series  being  more  closely  associated  with 
the  overlying  “  Plant  Beds  ”  than  with  the  Brownstones  below,  must 
still  be  clas-sified  as  Upper  Old  Red  Sandstone.  The  arenaceous 
matrix,  and  many  of  the  pebbles,  have  obviously  been  derived  from 
the  Brownstones,  or  such-like  deposits.  Moreover  the  sedimentary 
evidence  in  the  Quartz  Conglomerate  Series  supports  the  view  that 
these  deposits  were  banked  against,  and  overstep  on  to,  the  north¬ 
wardly  tilted  Brownstones. 

The  Plant  Beds  thin  out  within  two  miles  and  practically  disappear 
eastwards  beyond  Thornhill.  Wherever  the  junction  between  them 
and  the  underlying  Quartz  Conglomerate  Series  is  visible  it  shows 
marked  signs  of  erosion  and  overstep.  The  plant  remains,  although 
abundant  on  two  horizons,  are  poorly  preserved,  but  should  yield 
material  evidence  of  the  nature  of  the  origin  of  Carboniferous  vegeta¬ 
tion.  Associated  with  these  plant-bearing  deposits  are  fragmentary 
scales  of  Holoptychius  nobilissimus  Ag.  which  date  these  beds  as  Upper 
Old  Red  Sandstone  rather  than  of  Lower  Carboniferous  age. 

The  deposits  succeeding  the  Plant  Beds  are  difficult  to  date.  At  the 
base  they  are  conglomeratic  and  show  marked  signs  of  unconformity. 
Since  they  are  followed  without  any  marked  signs  of  unconformity 
by  the  Km.  Shales  they  have  been  classified  as  a  basement  Series  of 
VOL,  xcm — NO.  5.  36 
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the  Lower  Carboniferous.  Moreover,  these  sediments  show  unmistak¬ 
able  signs  of  being  derived  from  the  local  erosion  of  underlying 
formations  rather  than  new  deposits  derived  from  widespread 
exposures  of  pre-Devonian  rocks.  Furthermore,  within  the  limits  of 
exposure,  the  grade  and  false-bedding  suggests  that  these  deposits 
were  derived  and  brought  in  from  a  northerly  but  near  by  source. 

The  shales  succeeding  these  Basement  Beds  mark  an  abrupt  but 
conformable  development  of  calcareous  argillaceous  sediment  which 
pass  up  into  the  limestones  (K-beds).  In  colour  they  vary  from  dark- 
green,  brown  to  grey-blue  and  usually  contain  considerable  quantities 
of  sand,  and  in  places  yield  quite  considerable  quantities  of  Modiola. 
Striking  and  curiously  shaped  nodules  of  hne-grained  argillaceous 
limestone  occur  in  these  dominantly  sandy  shales.  Embedded  in  these 
shaly  deposits  are  sub-angular  masses  of  crinoidal  limestone  upwards 
of  18  inches  in  diameter.  Tlie  shales  are  always  highly  contorted  in 
association  with  them  and  it  is  difficult  to  judge  whether  they  represent 
the  decalcified  remains  of  an  original  limestone  deposit,  or  derived 
boulders  of  an  eroded  crinoidal  limestone.  On  balance  they  would 
seem  to  be  examples  of  boulders  of  limestone  as  they  certainly  show 
no  trace  of  nodular  structure  or  of  the  reaction  rims  one  would 
expect  to  find  around  a  decalcified  bed  of  limestone.  The  variation 
in  thickness  of  the  associated  shales,  and  the  contiguous  occurrence 
of  crinoidal  limestones  at  this  level  in  the  district,  seem  to  present 
a  picture  of  the  erosion  of  contemporaneous  limestones.  In  adjacent 
sections,  although  the  junctions  are  not  exposed,  the  shales  appear  to 
be  absent  and  crinoidal  limestones  succeed  the  deposits  classified 
above  as  Basement  Beds.  Within  these  limestones  certain  beds  are 
rich  in  bryozoa  and  haematite,  and  mark  the  early  onset  of  such 
deposits  which  culminated  in  the  well-known  Bryozoa  Iron  Ore  of 
Rhiwbina. 
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CORRESPONDENCE 

GARNETS  IN  THE  BORROWDALE  VOLCANIC  SERIES 

Sir, — Dr.  R.  L.  Oliver  is  to  be  congratulated  on  his  two  recent  papers, 
published  in  this  journal,  in  which  he  has  convincingly  demonstrated  the 
existence  of  widespread  welded  tuffs  in  the  Lake  District  and  has  shown 
that  the  almandine  garnets  were  most  probably  “  in  the  Borrowdale  magma 
before  its  intrusion,  extrusion  or  ejection  He  states  that  **  the  evidence, 
suggests  on  balance,  that  the  garnets  are  p^rogenetic  There  are,  however, 
lines  of  evidence  which,  in  the  writer's  opinion,  upset  this  “  balance 

The  principal  arguments  against  the  garnets  being  pyrogenetic  are : — 

(1)  Almandine  garnets  have  not  been  recorded  in  any  modem  lavas. 

(2)  Extreme  rarity  of  almandines  in  lavas  of  any  age,  composition  or 
history. 

(3)  Failure  to  synthesize  almandine  at  atmospheric  or  moderate  pressures 
and  lack  of  any  experimental  evidence  that  almandine  may  be  expected  to 
crystallize  from  an  andesitic  magma. 

(4)  Absence  of  ^mets  from  many  lavas  and  tuffs  of  the  Borrowdale 
Vok^nic  Series  which  are  otherwise  identical  to  those  which  do  contain 
garnets. 

(5)  Sporadic  distribution  within  many  lava  flows. 

If  the  garnets  are  pyrogenetic  it  is  to  be  expected  that  all  lavas  of  the 
same  composition  in  the  same  province  would  contain  them  yet  this  is  far 
from  the  case.  No  garnets  have  been  recorded  by  Mitchell  from  the 
Borrowdales  between  Shap  and  Coniston  (Quart.  Journ.  GeoL  Soc.,  1929, 
1930,  1934,  and  1940),  although  the  composition  of  the  lavas  mapped  ranges 
from  basic  andesites  to  rhyolites  and  stratigraphically  from  bottom  to  the 
top  of  the  succession.  Indeed,  there  are  far  more  lavas  and  tuffs  in  the 
Lake  District  which  do  not  contain  garnets  than  those  which  do  and 
Dr.  Oliver’s  contention  that  the  very  presence  or  absence  of  garnets  appears 
to  be  dependent  on  the  composition  of  the  containing  rock  can  be  sub¬ 
stantiated  only  in  the  areas  where  garnets  are  prolific.  This  distribution 
of  garnets  is  most  clearly  seen  in  the  district  recently  mapped  by  the  writer 
whm  several  gametiferous  localities  occur  north  of  the  Esk  in  the  Lower 
Andesites  whereas  only  two  localities  are  known  south  of  the  Esk  in  rocks 
of  apparently  the  same  horizon  and  composition.  Dr.  Oliver  has  admitted 
the  concentration  of  garnets  in  rocks  associated  with  the  welded  tuffs  and 
this  seems  more  important  in  determining  the  distribution  of  garnets  than 
is  the  composition  of  the  containing  rocks.  It  could  be  that  garnets  are 
restricted  to  those  volcanoes  which  produced  welded  tuffs  although  in  the 
absence  of  detailed  knowledge  of  the  distribution  of  welded  tuffs  this 
cannot  be  proved. 

If  the  garnets  did  not  crystallize  from  the  magma  but  were  nevertheless 
contained  in  it  before  extrusion,  the  only  reasonable  possibility  is  that  they 
were  xenocrysts.  Corroded  garnets  and  coronas  of  early  form^  plagioclase 
around  garnets  are  consistent  with  the  concept  of  xenocrystal  garnets  in 
disequilibrium  with  the  liquid  and  around  which  the  first  minerals  crystallized. 
If  tiM  garnets  were  free  to  react  with  the  liquid  they  might  be  expected  to 
vary  in  composition  sympathetically  with  the  composition  of  the  containing 
rock  whether  they  were  of  pyrogenetic  origin  or  xenocrysts.  In  the  writer’s 
experience  ^mets  are  often  very  localiz^  within  one  flow  occurring  in 
patches  reminiscent  of  partially  disintegrated  xenoliths.  Whilst  it  is  admitted 
that  a  more  even  distribution  does  occur  in  some  flows,  if  the  garnets 
crystallized  out  of  the  “  Borrowdale  ”  magma  a  regular  distribution  is  to  be 
expected  in  all  flows. 

The  origin  of  garnet  xeiKXiysts  is  puzzling  but  almandine  garnets  do 
occur  near  the  contacts  of  basic  igneous  intrusions  and  arollaceous  sediments 
as  at  Carrock  Fell.  Almandine  garnets  would  probably  form  in  the  Skiddaw 
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Slates  in  the  walls  of  the  magma  reservoirs  and  vents  and  would  be 
incorporated  into  the  magma  only  in  conditions  of  excess  gas  pressures 
such  as  might  occur  during  periods  of  welded  tuff  formation. 

R.  J.  Firman. 

Department  of  GeoijOoy, 

University  of  NomNOHAM. 

19th  June,  1956. 


NEW  NAME  FOR  LIAS  AMMONITE 

Sir, — Prof.  R.  Triimpy,  of  Zurich,  has  kindly  called  my  attention  to  the 
fact  that  my  Blue  Lias  ammonite,  species,  Psiloceras  {Caloceras)  multicostatum 
Donovan,  1952,  p.  638,  is  homonymous  with  Psiloceras  (Caloceras)  multi¬ 
costatum  Brandes,  1912,  p.  431,  proposed  for  Quenstedt,  1883,  pi.  1,  hg.  12. 
1  therefore  propose  Psiloceras  (Caloceras)  bloomfieldense  nom.  nov.  for 
P.  (C.)  multicostatum  Donovan,  1952,  non  Brani^,  1912,  holotype  to  be 
the  same  specimen  as  for  my  earlier  species,  namely  Geologic^  Survey 
Museum  no.  85017.  The  specific  name  is  derived  from  Bloom^ld  Quarry, 
Farmborough,  Somerset,  the  type  locality. 
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THE  BOUNDARY  BETWEEN  MIDDLE  AND  UPPER  JURASSIC 

Sir, — Dr.  Arkell’s  new  book,  Jurassic  Geology  of  the  World  (1956), 
is  a  mast^iece  in  conception  and  execution,  and  all  students  of  the  Jurassic 
system  will  be  indebted  to  his  immense  labours  and  to  his  claritv  of  exposition 
and  synthesis,  as  well  as  to  the  publishers  for  a  style  of  production  worthy 
of  this  majestic  undertaking.  In  a  book  where  almost  every  detail  and 
generalization  is  based  on  fact  or  common  sense,  it  is  all  the  more  disturbing 
to  find  a  statement  that  alters  all  established  usage  in  Jurassic  stratigraphy, 
and  this  without  a  word  of  satisfactory  explanation  or  supporting  strati- 
graphical  evidence. 

This  statement  is  the  inclusion  of  the  Callovian  stage  in  the  Middle  Jurassic 
(p.  8),  a  step  taken,  apparently,  only  so  that  the  table  of  stages  and  zones  on 
p.  7  may  look  neater,  and  in  order  to  conform  with  the  “  priority  ”  of  von 
Buch's  arrangement  of  1839.  It  is  quite  inconsistent  with  the  author’s 
stated  preference  for  “  a  compromise  between  priority,  suitability  and  usage  ” 
(p.  8)  and  with  his  rejection  (p.  7)  of  ancient  terms  and  meanings  of  before 
1850  "  ;  in  fact,  from  its  very  date,  it  cannot  have  been  a  grouping  of  stages 
or  zones  within  the  author’s  self-imposed  terms  of  reference.  As  for 

Sriority,  von  Buch’s  scheme  is  inconsistent  with  that  proposed  in  England 
y  Conybeare  and  Phillips  in  1822.  It  was,  moreover,  Oppel’s  considered 
opinion  (1858,  p.  821)  that  it  should  be  replaced  in  England,  France,  and 
South-West  Germany  by  a  modified  version  of  Conyb^re  and  Phillips’s 
schane,  which  had  b^n  widely  used  up  to  that  time  and  has  been  universally 
used  ever  since. 
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So  far  as  Britain  is  concerned,  the  line  dividing  Middle  and  Upper  Jurassic 
has  always  been  taken  at  the  base  of  the  Kellaways  Beds.  It  is  true  that 
this  does  not  coincide  with  any  stage-boundary,  since  the  Upper  Combrash 
is  already  of  Callovian  age,  but  the  discrepancy  in  thickness  of  strata  is 
trifling  and  the  line  has  at  least  the  merit  of  being  a  mappable  boundary 
between  formations  which  is  recognizable  over  its  whole  outcrop  and  of 
being  never  markedly  diachronous.  The  top  of  the  Callovian,  on  the  other 
hand,  is  only  clearly  marked  in  a  part  of  Yorkshire  and  in  one  claypit  in 
Buckinghamshire  ;  elsewhere  in  England,  and  also  in  Skye,  it  lies  within  a 
uniform  mass  of  Oxford  Clay,  and  in  Eastern  Scotland  within  the  arenaceous 
beds  of  Brora.  It  does  not  coincide  with  any  formational  boundary  and 
nothing  can  be  said  in  its  favour  that  would  justify  overthrowing  the  tradi¬ 
tional,  factually-based  boundary. 

There  may  be  some  parts  of  the  earth’s  surface  where  practical  strati- 
graphers  may  And  it  more  convenient  to  adopt  the  new  line,  but  it  does  not 
appear  from  the  book  itself  that  these  are  many,  and  some  of  them  lie  in 
regions  where  the  succession  is  as  yet  incompletely  known.  As  regards  the 
classic  region  of  North-West  Europe,  it  was  surely  out  of  regard  for  the 
geological  facts  that  Oppel,  as  already  mentioned,  after  following  von  Buch's 
scheme  all  through  his  book.  Anally  concluded  that  it  was  unworkable,  and 
that  a  classiAcation  that  could  be  consistently  applied  over  the  whole  region 
demanded  the  iiKiusion  of  the  Callovian  in  the  Upper  Jurassic. 

The  present  writer  cannot  speak  from  personal  experience  outside  his  own 
country,  where  Dr.  Arkell  has  himself  hitherto  always  used  the  accepted 
classiA^tion,  sometimes  with  cogent  arguments  in  its  favour  (e.g.,  1947, 
p.  66).  Even  in  the  book  now  discuss^,  he  gives,  perhaps  unwittingly, 
strong  arguments  for  placing  the  Bathonian  and  Callovian  in  separate 
groups  of  stages  on  grounds  wider  than  those  of  local  Aeld-evidence,  when 
he  contrasts  (pp.  60^10,  634-S,  639,  641)  widespread  marine  regressions 
in  the  Bathonian  with  important  transgressions  in  the  Callovian.  Moreover, 
his  own  published  statements  on  ammonite-evolution  (e.g.  1931,  pp.  1-4) 
and  on  ammonite-migration  in  the  present  work  (p.  610)  show  that  there 
are  sound  palaeontological  reasons  for  placing  the  Middle-Upper  Jurassic 
boundary  between  the  Bathonian  and  Callovian  stages.  It  is  thus  diflicult  to 
understand  the  geological  reasons  that  have  prompted  Dr.  Arkell  to  chanf^ 
this  well-established  boundary,  especially  as  he  has  not  stated  them.  It  is 
perhaps  unwise  to  insist  on  the  absolute  validity  of  any  stratigraphical 
boundary  over  too  wide  an  area,  as  Oppel  himself  observed  (1858,  p.  824), 
yet  surely  the  Bathonian-Callovian  line  has  better  claims  to  be  accepted  as 
standard  than  the  Callovian-Oxfordian  one,  on  any  just  appraisal  of  the 
available  evideiKx. 

This  protest  is  made  with  genuine  concern,  for  Dr.  Arkell  is  listened  to 
with  greater  respect  than  he  perhaps  realizes  in  all  his  statements  on  Jurassic 
geology,  and  the  time-lag  in  incorporating  his  work  into  teaching  material 
is  probably  less  than  in  most  cases.  His  unique  authority  in  this  Aeld  can 
only  be  weakened,  and  the  utility  of  his  great  book  impaired,  by  unsupported 
classiAcations  which  his  British  colleagues,  at  least,  will  And  it  impractical 
to  adopt. 
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Sir, — My  friend  Mr.  R.  V.  Melville’s  complaint  is  couched  in  such 
disarming  and  unexpectedly  complimentary  terms  that  it  is  difficult  to  dis¬ 
agree  with  his  arguments  without  seeming  ungracious.  I  must,  however,  point 
out  that  to  follow  von  Buch  in  including  the  Callovian  stage  in  the  Middle 
Jurassic  does  not  alter  “  all  ”  established  usage  and  does  not  draw  a  “  new 
line  ”,  and  that  the  reason  I  did  not  give  any  “  geological  reasons  ”  is  that 
I  do  not  think  they  are  really  relevant  to  the  question,  which  is  purely  one 
of  conventional  classification. 

In  the  Swabian  Jura  the  basis  of  all  stratigraphical  work  since  von  Buch, 
down  to  the  present  day,  has  always  been  his  threefold  divisions  Unterer, 
Mittlerer,  Oberer  Jura,  or  the  equivalent  Schwarzer,  Brauner,  Weisser  Jura 
of  Quenstedt,  which  are  also  the  Lias,  Dogger,  Malm  of  Oppel.  This  scheme 
has  priority  as  a  subdivision  of  the  Jurassic  (Jura)  System,  for  the  four 
divisions  uMd  by  Conybeare  and  Phillips  were  called  the  Lias  and  Lower, 
Middle  and  Upper  “  Oolitic  Systems  ”  ;  the  word  Jura  or  Jurassic  was  not 
mentioned  by  them. 

In  trying  to  take  a  world  view  I  was  worried  by  the  amount  of  English 
stage  names  we  expect  our  foreign  colleagues  to  adopt.  In  this  matter  at 
least,  it  seems  to  me  we  have  no  excuse  for  insisting  that  the  three  major 
subdivisions  of  the  Jurassic  System  should  be  based  on  a  modification  of 
Conybeare  and  Phillips’  Lias  and  three  “  Oolites  Nor  have  we  any  right 
to  complain  because  the  upper  boundary  of  the  Middle  Jurassic  falls  in 
our  Oxford  Clay,  or  to  exp^  any  such  line  to  “  coincide  with  any  forma- 
tional  boundary  ”  in  this  country.  The  lower  boundary  of  the  Middle 
Jurassic  is  almost  as  bad,  falling  in  Dorset  somewhere  below  the  top 
of  the  Bridport  Sands.  From  the  British  point  of  view  nothing  could  be 
worse  than  the  upper  and  lower  boundaries  of  the  Jurassic  System  :  one 
has  to  be  guessed  at  somewhere  in  the  absolutely  continuous  Purbeck- 
Wealden  ;  the  other  avoids  by  a  few  feet  one  of  the  best  breaks  imaginable, 
between  the  lacustrine  Keuper  and  marine  Rhaetic. 

If  the  subdivisions  of  the  Jurassic  are  to  be  defined  by  formations,  they 
can  only  be  the  formations  of  the  type  area.  In  a  modem  classification,  how¬ 
ever,  the  primary  subdivisions  of  a  system  should  surely  coincide  with 
groups  of  stages,  the  smallest  units  of  universal  application  and  based  on 
palarontologi^  zones. 

1  have  every  sympathy  with  the  mapper  (and  am  one  myself) :  but  he 
can  only  map  formations,  and  has  no  more  need  to  concern  himself  with 
subsystems  than  with  stages.  The  ”  practical  ”  arguments  against  the 
position  of  the  boundary  between  the  Middle  and  Upper  Jurassic  apply 
equally  to  that  between  the  Callovian  and  Oxfordian  stages,  for  the  two 
coincide. 

Finally,  the  fact  that  (most  of)  the  Bathonian  is  peculiar  and  has  peculiar 
ammonite  faunas  is  no  more  reason  for  ejecting  the  Callovian  than  the 
Bajocian  from  the  Middle  Jurassic. 

W.  J.  Arkell. 

Sedgwick  Museum, 

Cambridge. 

10th  September,  1956. 


GEOLOGY  IN  SCHOOI.S 

Sir, — In  his  admirable  book  Geology  and  Ourselves  Dr.  F.  H.  Edmunds 
expresses  the  opinion  that  geology  is  not  really  a  suitable  school  subject, 
but  experience  in  encouraging  the  introduction  of  the  subject  into  schools 
suggests  that  such  lack  of  interest  in  it  as  may  exist  is  due  more  to  the  apathy 
of  geologists  than  to  any  disadvantages  inherent  in  the  subject.  In  Wales, 
largely  due  to  the  activities  of  the  National  Museum  of  Wales,  geology  is 
tau^t  as  an  examination  subji^  in  nearly  fifty  schools  and  last  year  267 
pupils  passed  the  General  Certificate  of  Education  examination,  about  one 
third  or  them  at  the  Advanced  Level.  During  the  year  visits  to  the  Geological 
Department  of  the  Museum  were  made  by  97  parties  from  schools  (2,400 
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pupils)  and  31  visits  to  schools  to  lecture  or  conduct  field  excursions  were 
made  in  response  to  invitations.  Geological  material,  comprising  small 
organized  exhibits,  models,  collections  of  specimens  that  can  be  handled,  and 
sets  of  photographs  is  circulated  by  van  to  about  140  schools  all  over  Wales 
that  ask  for  it  as  part  of  a  Schools  Service  in  which  all  D^rtments  of  the 
Museum  share.  At  any  one  time  more  than  600  geological  items  will  be 
“  out  ”  and  the  demand  for  them  is  always  greater  than  the  capacity  to  supply. 
Many  of  them  are  sent  out  at  the  request  of  teachers  of  geography  and  the 
National  Museum  of  Wales  is  by  no  means  the  only  one  that  engages  in  school 
activities. 

It  would  seem  that  geology  can  be  regarded  as  a  suitable  school  subject 
provided  that  it  is  properly  presented,  and  Dr.  Edmunds’s  suggntion  to  the 
contrary  is  all  the  more  surprising  because  his  own  book  shows  him  to  have  in 
an  unusual  degree  the  capacity  to  make  the  study  of  geology  seem  worth 
while. 

F.  J.  North. 

Department  of  Geology, 

National  Museum  of  Wales, 

Cardiff. 

llth  September,  1956. 
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Geology  and  Ourselves.  By  F.  H.  Edmunds.  256  pp.,  SO  figs.,  12  pis. 

London  (Hutchinson),  1955.  Price  215.  net. 

Nearly  half  this  book  is  an  introduction  to  the  history,  purpose,  and 
methods  of  geolo^  and  geological  investigation,  necessary  b^use  of  the 
difficulty  of  explaining  the  practical  value  of  grology  to  those  who  as  the 
author  puts  it  are  “  unversed  or  but  little  versed  in  the  subject  ”.  Well  suited 
to  the  needs  of  the  layman  the  book  will  appeal  to  students  by  reason  of  the 
care  taken  to  elucidate  matters  that  are  often  taken  for  granted  in  elementary 
textbooks. 

There  are  useful  chapters  on  geological  surveys  and  maps,  geophysical 
methods,  and  the  applications  of  geology  in  water  supply,  mining,  civil 
engineering,  agriculture  and  planning.  Without  entering  into  textbook 
details,  they  give  a  clear  picture  of  the  contributions  which  geology  makes  in 
these  fields. 

A  concluding  chapter  indicates  the  potentialities  of  some  branches  of 
geology  to  interest  the  amateur  and  gives  first  place  to  the  study  of  the 
development  of  scenery.  Whilst  expressing  regret  that  geology  is  rarely 
taught  in  schools  the  author  concludes  that  “  in  present  circumstances 
geology  is  not  really  a  suitable  school  subject  ”.  This,  he  admits,  is  an 
apparently  defeatist  conclusion,  but  the  rea.sons  he  gives  for  arriving  at  it 
sug^t  that  it  is  based  upon  theoretical  considerations  and  not  upon  ex¬ 
perience. 

The  diagnuns  are  well  devised  and  clear,  but  the  first,  due  to  a  well-known 
optical  illusion,  leaves  one  in  doubt  as  to  whether  one  is  looking  at  a  sphere 
from  which  a  quarter  of  one  hemisphere  has  been  removed,  or  a  similar 
quarter  resting  apex  upwards  within  a  circle.  The  half  tone  illustrations  are 
well  chosen  in  relation  to  the  text,  but  the  printed  reproductions  of  some  of 
them  are  too  contrasty  to  be  either  pleasing  or  easily  understood. 

F.  J.  N. 
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Directory  of  British  Fossiliferocs  Localities.  Palaeontographical 
Society,  Burlington  House,  London,  W.  1.  1954.  pp.  xiv  +  2^.  Price 
78.  6d.,  interleaved  12s.  6d. 

This  work  lists  2012  localities  arranged  alphabetically  by  place  names  and 
counties  with  islands  treated  separately.  A  number  of  those  included  are  of 
classical  importance  but  no  longer  accessible.  For  each  exposure  there  is  a 
precise  location,  brief  detail  of  horizons  now  or  formerly  exposed  and 
references  to  literature.  The  compilation  and  bibliography  are,  with  few 
exceptions,  carried  only  up  to  1947  ;  the  book  was  planned  as  part  of  the 
Centenary  celebrations  of  the  Society  in  that  year.  It  is  addressed  to  the 
Amateur  Palaeontologist  and  includes  a  short  introduction  to  the  methods 
and  objects  of  palaeontological  collecting,  lasers  are  asked  to  notify  the 
Society  of  any  additions  or  corrections  for  future  editions.  Many  of  the  71 
contributors  are  distinguished  specialists. 

The  number  of  exposures  per  county  varies  from  91  in  Gloucester  down  to 
one  each  in  Huntingdon,  Monmouth,  Aberdeen,  Forfar,  Kincardine,  and 
Naim,  with  none  at  all  in  Hertford,  Perth,  Orkney  or  Shetland.  Of  the  total 
1352  are  Palaeozoic,  571  Mesozoic,  64  Tertiary,  and  25  Quaternary.  SonK 
incompleteness,  obsolescence,  and  uneveness  of  treatment  were  evidently 
unavoidable,  but  the  publishers  have  done  their  best  to  minimize  their  defects 
by  providing  an  interleaved  edition,  and  that  at  a  low  price.  It  is  likely  that 
the  book  will  be  of  use  to  students  and  professionals  as  well  as  to  amateurs 
and  that  the  bibliography  will  be  of  as  much,  or  of  greater,  use  than  the  list  of 
localities. 

C.  L.  F. 

The  Leeds  Collection  of  Fossil  Reptiles  from  the  Oxford  Clay  of 
Peterborocoh.  By  the  late  E.  Thurlow  Leeds,  edited  with  notes  and 
additions  by  W.  E.  Swinton.  pp.  xi  +  104,  with  1  map  and  4  pis. 
B.  H.  Blackwell,  Ltd.,  Oxford,  1956.  Price  (in  U.K.  only)  15i. 

The  Leeds  Collection  of  Oxford  Clay  reptiles  and  fishes  was  made  between 
about  1867  and  1917  ;  it  is  quite  unrivalled  and  likely  to  remain  so.  It  was 
made  possible  by  a  fortunate  conjunction  of  persons  and  circumstances. 
There  was  Charles  Leeds,  the  Oxford  undergraduate  interested  in  geology 
by  Professor  Phillips  ;  his  brother  Alfred  a  bom  collector  living  near  the 
Fletton  brick  pits  at  the  time  of  their  rapid  expansion  and  so  collecting  over 
practically  the  whole  period  that  the  pits  were  worked  in  depth  by  hand  ;  even 
the  existence  of  numerous  skeletons  in  commercial  workings  must  be 
accounted  fortunate,  for  both  are  much  rarer  in  the  higher  parts  of  the 
Oxford  Oay. 

The  whole  story  is  told  by  Alfred  Leeds’s  son,  who  was  himself  intimately 
concerned  and  was  later  Keeper  of  the  Ashmolean  Museum  at  Oxford.  There 
are  many  side  lights  on  collecting  and  on  personalities  of  the  time.  Among 
these  latter  we  see  Dr.  Henry  Woodward  standing  ”...  a  little  frock-coated 
figure  with  fez  crowned  head  thrown  back,  and  with  a  thumb  inserted  in  each 
armhole  of  his  waistcoat,  gazing  intently  at  the  first  wall,  unheeding  the  room 
as  a  whole  ”,  giving  utterance  to  “  a  sustained  whistle  ”  ,of  admiration  and 
astonishment.  There  is  also  Herr  Stiirz,  the  dealer  from  Bonn,  with  his  cigar, 
and  there  are  other  delightful  word-sketches  too  many  to  mention  here.  The 
book,  which  is  pleasantly  discursive  and  easy  to  read,  may  be  confidently 
recommended  to  anyone  interested  in  the  Peterborough  district,  in  the 
reptiles  of  the  Oxford  Clgy  or  simply  in  a  pleasant  tale.  It  is  sad  that  the 
author  did  not  live  to  see  his  work  published  ;  editor  and  publishers  are  to 
be  congratulated  on  seeing  it  through  the  press. 


C.  L.  F. 
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